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Division, UDRI, was the Principal Investigator; and Dr. E. H. Gerber, Head of the Applied
Physics Division, UDRI, was the Project Supervisor. This report covers work performed during
the period February 27, 1991 through September 30, 1992.

The Principal Investigator wishes to cxpress his gratitude and appreciation to Dr. W. M.
Roquemore for his encouragement and support; to Ms. Ruth Rodak, UDRI, for technical editing;
and to Ms. W. Bames, UDRYI, for report preparation.

(v)




SUMMARY

As the Air Force has continued to advance engine technology through its Integrated High
Performance Turbine Engine Technologies (IHPTET) initiative, aviation fuel heat loading has in-
creased. Thus, aircraft development ir. the near future will suffer performance penalties as
tremendous quantitics of ram air or cxcess fucl will be required (0 meet the heat sink require-
ments. To address this problem, the Air Force Wright Laboratory, Aero Propulsion and Power
Directorate (WL/PO) modificd, on February 27, 1991, the University of Dayton Research
Institute (UDRI) Contract No. F33615-87-C-2767. This rescarch program had two objectives:
(1) to identify conditions of aviaticn jet fuel thermal decomposition, and (2) to provide the data
needed to develop and evaluate global chemistry and heat transfer models which include
mechanisms of jet fuel thermal decomposition and deposiiion.

To address these program obj. ctives, we formulated tests designed to thermally stress
several vaseline and blended jet fue! samples in a flask or an MCRT apparatus (static tests) and
in a single-rass heat exchanger "Phoenix Rig" (flowing tests). The deposited residue samples
which comprise gums, insolubles, and carbon residue were examined by using a variety of
sophisticated chemical analysis instrumentation. In these tests, a hydrotreated Jet A-1 (POSF-
2747) fuel served as a baseline, a thermally stable JPTS (POSF-2799) fucel served as a calibration
standard, and a nonhydrotrcated fuel (POSF-2827) was also acquired for analysis. New blends
were made to test varous additives. For example, POSF-2747 + blend = POSF-2814, Jet A-1 +
blend = JP-8, POSF-2827 + JFA-5S (12 mg/l) = POSF 2827A, and POSF-2827 + JFA-5 (50 mg/l)
= POSF 2827B. Also, a surrogate JP-8 (JP-8S) fucl comprising a mixture of sclected hydrocar-
bons, was used in static tests.

Our tests revealed that jet fuel oxidation resuits in the buildup of peroxides, ketoncs, al-
dehydes, alcohols, and acids from the autoxidation cycle; sulfates, sulfoncs, and witrous
compounds from the inhibitors originally present; and alkencs from the decomposition of radi-
cals. Many of these oxidized compounds can, if present in sufficient quantity, inhibit fuel
oxidation and, hence, form deposits. However, if sufficicnt quantitics of the easily oxidized
compound are available, the compound will help stimulate oxidation and again affect deposit
production.

Work on the chemistry of surrogate fuels, by our subcontractor, Eastern Kentucky
University, showed that many fuels (surrogate JP-8, JP-7, JP-TS, and POSF-2747) producc in-
creasing amounts of insoluble material with an increasing concentration of oxidized specics,
whereas fuels such as POSF-2827 produce large amounts of insolublcs (phenolic compounds)
with essentially no detcctable concentration of oxidation products. Further, deposits from JP-88
and POSF-2747 were varnish-like polar species. In contrast, fuels such as POSF-2827 produce
deposits strongly bonded (hemiketal type R’OH + RCOR - R-O-CH(OR’)R bond) into a solid
phasc. :




We found that previcus deposit formation results were inadequate in predicting the ob-
served dependence of oxygen consumption and methane production on deposit formation. Qur
tests with both oxygen-saturated and oxygen-depleted fucls showed that the amount of deposit is
lincarly related to the total quantity of dissolved oxygen passced, and that oxygen consumption is
pscudo-zero-order in the early stages, decaying to pscudo-first-order when the oxygen nears
depletion,  As for methane production, we found that it results from hydrogen abstraction by
mcthyl radicals.

These important cxperimental observations led us to formu.late a comprchensive free-
radical autooxidation theory of deposit formation. In this theory, a clear distinction is made
between the fucl thermai stability (based on the deposit forming tendency) and oxidative stability
(based on the ability to oxidize and form peroxides, ketones, alcohols, and acids). This lcads to
the sccmingly anomalous statement: "Fuels that oxidize casily arc likely to be thermally stable,
while fuels that arc not thermally stable arc not casily oxidized." This statement was found to
hold in experimental tests.

Of the scveral additives supplied by Mobil Corporation, our MCRT tests demonstrated that
only MCP-922 exhibited a mcasurable tendency toward solids inhibition. In the modified
Phocnix rig, antioxidant in Jet-A reduced the hot-section deposits, metal deactivator reduced
both hot- and cold-section deposits, and JFA-S produced the least amount of deposits in the
heated section.

Our subcontractor, Purdue University, cxamined the effect of fuei composition for five dif-
ferent fuels in the recirculation test mode. It was found that the JPTS fuel (POSF-2799) yielded
cxceptionally low deposits, whercas the Jet A fucl (POSF-2827) had the poorest thermal
stability. Likewise, the deposition rates in the fuel tubes with surface treatment were higher.
This negative result was attributed to too scvere a surface pretreatment that increases surface
roughness and promotes the collection of precursors.

The research work described above has led to 8 archival journal publications, 10 presenta-
tions at national and inicrnational meetings, and 2 intcrnal reports. It is duce to appear in the
American Institute of Aecronautics and  Astronautics (AIAA)--1992 National Acrospace
Highlights,

This report describes the experimental work, theoretical results, and  conclusions.  The
fuels data sets for all the work performed on the fucls research task arc presented in Report No.
WL-TR-92-2113,




1. INTPODUCTION

1.1 Program ‘Yhjectives

As the Air Force has continued to advance engine technology through its Integrated High
Performance Turbine Engine Technologics (IHPTET) initiative, aviation fuel heat loading has in-
creased. In a recent report by Harrison [1], an Aircraft Thermal Management Working Group of
Wright Rescarch and Development Center, Wright-Pattcrson Air Force Base (W-PAFB), Chio,
concluded that, "aircraft development in the near future will suffer performance penalties as
tremendous quantities of ram air or excess fuel will be required to meet the heat sink require-
ments."” To resolve this problem, the working group recommended the development of thermally
stable fuels that can operate at higher temperatures than current fuels.  Subscquenily, an add-on
contract was awarded to the University of Dayton Rescarch Institute (UDRI) on February 27,
1991. This research program had two objectives: (1) to identify conditions of fuel thermal
decomposition, and (2) to provide the data needed to develop and evaluate global chemistry and
heat transfer models which include mechanisms of jet fuel thermal decomposition and deposi-
tion.

1.2 Fuels Research

In an aircraft, fucl is used as a heat sink 10 cool the engine lubricant, hydraulic controls, en-
vironmental system, and avionics. A further rise in fuel temperature occurs as it flows through
the burner feed arm. Combined, these various hcat inputs stimulate oxidation reactions which
deposit gums, insoluble compounds, and carbon in fuel lines, heat exchanger surfaces, and fuel
injectors, thus leading 1o blockage. Deposition within fucl nozzle or afterburner spraybars is
especially harmful because it can distort the fuel spray pattern causing combusior and turbine
blade overhcating and bumout. The present work was undertaken to understand jet fuel thermal
stability at a fundamental level and to provide data scts for refining global chemistry and heat
transfer models. Accordingly, we formulaied three technical tasks:

(1) Thermal Stability Studics (Static Tests),

(2) Thermal Stability Studies (Flowing Tests), and

(3) Analysis of Deposit Formation.

Recognizing the echnical complexity of the thermal stability problem and the importance
of its resolution to the Air Force, we sought the expertise of two subcontractors: (1) Professor W,
D. Schulz, Department of Chemistry, Eastern Kentucky University, Richmond KY, who inves-
tigated the chemistry of oxidation deposits and fuel additives; and (2) Professor A, H. Lefebvre
of The School of Mecchanical Engineering and Professor L. F. Albright of The School of
Chemical Enginecring, both of Puiduce University, West Lafayette IN, who cxamined the in-
fluence of fuel composition, additives, and surface composition on deposition rates.  Final
reports from both these subcontractors are attached as Appendices E and F.




2, TEST APPARATUS ANDIY INSTRUMENTATION

All static fucls tests were performed in the Chemistry Laboratory in Building 490, Rooms
208 and 236 of the Fuels and Lubrication Division (WL/POSF); all flowing fucls tests were con-
ducted in the Fuels Laboratory in Building 490, Room 152 of WL/POSF. To accomplish these
tasks required static flask tests, Micro Carbon Residue Tests (MCRT), and the design, fabrica-
tion, and instrumentation of a fuel nozzle feed arm apparatus known as the "Phocnix” ng. These
test devices are described below.

2,1 Flask Apparatus

A flask test represents a simple static est. A fuel sample (30 ml) is heated in a flask at a
temperature near 180C. Oxygen may be flowed into this thermally stressed fucl because this
provides a gravimetrically measurable degradation of the fuel in approximaicly 4 hours; also,
maintaining oxygen saturation removes the dissolved oxygen content as a variable. Deposits are
collected either (1) by cooling the entire fuel sample and decanting it through the {ilter; or (2) fil-
tering, washing, drying, and weighing a 10-ml fucl sample. The deposits are then ready for
measurencnts.

2.2 MCRT Apparatus

We developed a modificd version of the ASTM D4530-5 static test for JP fuels using the
MCRT as sketched in Figure 1. This modification was necessary because the standard method
measures coking undcr strictly pyrolytic conditions and was developed for lubricants. In the
MCRT apparatus, instcad of the 12- mm-o0.d.-x -55-mm vials, 21-mm-o.d.-x-70-mm vials arc
used to provide greater surface arca for reactions.  One milliliter of sample fuel is weighed into
six pre-weighed vials and lowered into the test chamber, The oven is heated to 250 C at the rate
of 8.3 C/min and held for 3 hours while air is purged through the chamber at the rate of 150
mL/min. At the conclusion of the test, the vials are cooled and weighed; the difference in weight
is reported as a pereentage of the original fucl weight. The degraded fuel, which has been con-
densed in the trap, is analyzed along with the insoluble gums.

2.3 Phoenix Rig

As shown in Figure 2, this is ¢ flowing single-pass fuel heat exchanger. The fuel supply
tank has gas sparging (two Brocks S850E mass flow controllers and a 5876A controller) and a
capacity of 189-liters. An American Lewa Model EK-1 variable stroke, positive displacement
pump with surge suppression provides fucl flow in the 1 to 1(0 ml/min range at 3.45 MPa. A
Hewlett Packard (HP 5641A) gas chromatograph is used to mcasure fuel oxygen and methane
concentrations.

The fuel tube has a 2.15-mm i.d. and is 560 mm fong. It is heated by a copper block heater
(460 mm x 75 mm dia.) to a predetermined wemperature (544K, 573K, or 608K) so tha. the wall
temperature profile remains constant. The fuel flow rate is 16 mi/min for 6, 12, or 24 hours. At
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the conclusion of the test, the fuel tube is removed, drained, cut into 25-mm or 50-mm lengths,
rinsed in hexane, dried in a vacuum oven, and analyzed tor carbon deposits on a Leco RC-412
carbon analyzer. This method measures carbon deposits but does not measure other deposit con-
stituents such as oxygen, hydrogen, sulphur, or trace metals,

2.4 Fuels Tested
Various bascline and blended fuels were tested. Table 1 lists the properties of these fucls.
v A hydrotreated Jet A-1 (POSE-2747) fuel served as a bascline. A thermally stable JPTS (POSF-
2799) fucl served as a calibration standard, thereby cestablishing a goal that the fucl additives
program would like to achicve. Finally, a nonhydrotreated fuel (POSF-2827) was also acquired
. for analysis.

New blends were made to test various additives.  For example, POSF-2747 + blend =
POSF-2814, Jet A-1 + blend = JP-8, POSF-2827 + JFA-5 (12 mg/1) = POSF 2827A, and POSF-
2827 + JFA-5 (50 mg/l) = POSF 2827B. Also, a surrogate JP-8 (JP-8S) was used in static tests.
As listed in Table 1, the surrogate fuel comprises a mixture of selected hydrocarbons.

2.5 Instrumentation
We purchased and made operational several new and sophisticated instruments to perform
chemical analysis. These instraments are described in the following paragraphs.

The LECO RC-412 multicarbon determinator is designed stricdy 0 measure carbon,
regardless of the phase of the material. In particular, we use the RC-412 to detcrmine the
amount of carbon attached to metal surfaces. The metal surfaces can be tubes through which
tuel has flowed, metal or glass disks which have been submersed in static heated fuel, or filters
through which fuel cither from flowing or static tests has been subscquently passed. The RC-412
has a stated capability of measuring percentage of carbon in 0.02 mg to 0.5 g samples with a 3
percent accuracy. The operating range for carbon detection is from 40 pgms to 100 mgms.

The LECO CHNS-932 is a mulii clemental analyzer. It is capable of measuring the ab-
solute quantitics of carbon, hydrogen, oxygen, nitrogen, and sulfur from microgram-size solid
samples. It is used to analyze the deposit material formed in fuel static wsts.  All analyzed
material must be transferred to tin cups for measurement. The CHNS-932 is capable of measur-
ing relative quantities of carbon from 0.001 to 100 percent; and hydrogen, nitrogen, oxygen, and
sulfur from 001 to 100 percent. The stated accuracy is 0.1 pereent for carbon, 1 pereent for
hydrogen and nitrogen, and 2 pereent for sulfur and oxygen.

The Hewlett Packard Gas Chromatograph Atomic Emission Detection (GCAED) is an or-
dinary gas chromatograph (Hewleu Packard HP-5890) which allows fuels to be separated into
individual components based on boiling point or polarity. The detector, however, is capable of
analyzing the cluted compounds for the presence of almost any clement. Several elements (2.g.,
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carbon, hydrogen, and sulfur) can be analyzcd simultancously. The atomic ratios, together with
the retention index from the chromatograph, allow the unique molecular formula to be deter-
mined. The GCAED detection levels of the various atoms are trom 1 pg/sec for sulfur to 100
pg/scc for nitrogen.

The Hewlett Packard ultraviolet (UV) visible (VIS) spectrophotometer is a simple
qualitative/quanutative diagnostic for the static analysis of fucls. The instrument measures the
absorption of light in the 200 10 900 nm range. With only onc moving part (the spectrometer
slit) the instrument is well-suited to laboratory settings. We have used the UV-VIS to study the
output of the Phoenix rig, static flask tests, and the MCRT. The UV-VIS measures absorbance
(the negative log of transmittance ratio) in the 0.1 to 3 1ange, with useful signals in the neighbor-
hood of 1 and noise of about 0.5 percent. The dynamic range increases slightly for 0.1 pereent
noise. The resolution of the instrument is about 2 nm,




3 THERMAL STABILITY STUDIES

Objective. The objectives of the static and flowing tests were: (1) to subject the jet fuel and fuel
surrogate samples to the temperature/time history of the aircraft fucl system; (2) to analyze the
resulting deposits of soluble gum, insoluble products, and carbon; and (3) to gzin insight into the
chemical and physical processes important to deposit formation.

3.1 Flask (Static) Tests
3.1.1 Results. In the flask test, the Fourier Transform Infrared Technique (FTIR) was used to
quantify the amount of alcohol and ketone specics in surrogate fuels. The HP-5890 GCAED in-
v strument was used to follow the production and consumption of oxygen and sulfur- containing
molecules, and the High Pressure Liquid Chromatography (HPLC) instrument was used to
measure the dielectric constant of the stressed fuel thereby providing information on the un-
saturated fuel content. Finally, a multi-clemental analysis was used to find the clemental makeup
of the deposits.

The FTIR analysis of POSF-2747 (hydro.rcated fuel) showed that the amount of insoluble
material was directly related to the amount of oxygenated product in the fucl. However, JPTS
fuel did not produce any deposits. The GCAED traces verified the FTIR observations that some
fuels (e.g., POSF-2827) do not form soluble oxidative products, but rather the sulfur atoms
produce insoluble products. The clemental analysis of POSF-2747 deposits showed that sulfur
atoms tend to concentrate in the deposits. Finaliy, the HPLC traces of fuel POSEF-2747 are con-
sistent with a large increase in oxygen- containing molecules, but POSF-2827 does not show an
increase in the dielectric constant of the unsaturated fraction. Appendix A describes these and
other results in detail.

3.1.2 Highlights and Conclusions. These tests provided several conclusions.

(a) The level of oxidation in more thermally stable fuel (as determined by JFTOT break-
point and other flowing tests) is significantly higher than in lcss stable fucl.

(b) FTIR oxidation mcasurements confirmed that there is an inverse relationship between
thermal stability as measured by solid deposits vs. that measured by oxidation. Further, the static
tests we performed yielded results in broad agreement with our flowing tests.

(c) To adequately assess fuel stability, the availability of oxygen must be both limited and
controlied. Arbitrarily increasing oxygen availability may yicld results which are not applicable
to oxygen-starved stressing processes.  Finally, there is not a direct relation between the amount
of oxidized products dissolved in a stressed fuel and the amount of insoluble solids formed.
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3.2 MCRT (Static) Tests

3.2.1 Results. We used the MCRT mcthod for studying the chemistry of deposit formation as
well as for screening additives. This method is described in Appendix B. MCRT fucl samples
were analyzed using a varicty of diverse procedures such as Thermal Gravimetric Analysis
(TGA), X-ray Photoclectron Spectroscopy (XPS), Fourier Transform Infrared Spectrescopy
(FTIR), and Gel Permeation Chromatography (GPC).

Several fuels were evaluated using the MCRT in addition to the relerence fuel (POSF-
2827) and the thermally stable fucl (JPTS, POSF-2799). We found that the deposition tendency
in the MCRT was primarily dependent on the fuel molecular weight. We performed cycling tests
to study the deposit morphology and found that JPTS fucl gave a smooth layer cven after
completion of the tenth cycle. In contrast, the POSE-2827 fuel produced a flaky, wrinkled
deposit along with the smooth layer after the fourth cycle. Scanning Electron Microscope (SEM)
photographs revcaled that the flakes arc sheets or thin films which are crinkled rather than
porous particles. We quantificd insoluble gums produced in the MCRT. Such tests illustrate the
effectiveness of antioxidants in reducing gum formation. Our test results showed that the rate of
gum formation was not significantly higher for POSF-2827 fucl.

The TGA provides a quantitative measurement of weight change associaied with thermally
induced transitions. TGA of solid deposits from the MCRT cycling test of POSF-2827 and JPTS
fuels revealed somewhat similar behavior under inert conditions (nitrogen); however, different
profiles were observed in an oxidative atmosphere (air). The JPTS fuel exhibited a sharp trar si-
tion at 432C. This indicates volatilization of a rclatively simple material. The XPS technique
can detect all the clements except H and He within 4 nm of a samplc surfacc. We discovered
that the sample containing an antioxidant (2761) is the most highly oxidized, followed by JPTS
and hexadecane with DPDS, while POSF-2827 fuel showed the lcast oxidation. FTIR is a
powertul tool in detecting the oxidation of fuel, and GPC scparates molecules according to their
citective size in solution. Preliminary data showed differences between gum deposits from the
POSFE-2827 and JPTS fuel formulations.

Table 2 is a summary of additive candidates cvaluated using the MCRT and the relative
ranking of thosc formulations. In Table 2, the insoluble gum values are given in absolute gum
weight, The relationship between the gum polar fraction and MCRT solid residuc is illustrated
in Figure 3 for five different fuels. This result exemplifies the need for fucl characterization in
terms of both criteria: oxidative stability (which is manifested in gum formation) and deposition
tendency (which is manifested in solid formation).  Thus, fuels which fall ncar the inflection
point of this type of curve would be most thermally stable due to minimization of both the in-
soluble gums and the solids.

We cvaluated additives supplicd by Mobil Corporation with respect to their capability to
hinder fucl degradation under oxidative conditions.  Antioxidants were blended into jet fucl
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POSF-2827 at a concentration of 25 mg/l and detergents were added at a level of 1000 mg/l. The
formulated fuels were then subjected to the MCRT and the Isothermal Corrosion-Oxidation Test
(ICOT). Table 3 summarizes the results. In the MCRT tests, only MCP-922 exhibited a
mcasurable tendency toward solids inhibition. With respect to decreased carbon bum-off value,
the HLPS test conducted by Pratt and Whitney showed that MCP-922 is the best antioxidant can-
didate submitted by Mobil Corporation to date.

3.2.2 Highlights and Conclusions. Wc completed this study of fuel deposits and additive ef-
fects using MCRT and reached the following conclusions.

(a) The MCRT test data corrclated well with results from a variety of other techniques such
as MTPT and Phoenix rig.

(b) Fuel molecular weight governed the deposition tendency in the MCRT tests.

(c) MCRT cycling tests sh~wed marked differences in deposit morphology; JPTS fuel
produced a smooth layer but POSF-2827 fucl gave a flaky, wrinkled deposit.

(d) The relationship between MCRT solid residue and gum polar fraction suggests a nced
for fuel characterization in terms of both criteria; oxidative stability (which is manifested in gum
formation) and deposition tendency (which is manifested in solid formation). Thus, fuels which
fall ncar the inflection point of this type of curve would be most thermally stable duc to mini-
mization of both the insoluble gums and the solids.

(e) Evaluation of additive samplcs supplicd by Mobil Corporation showed that MCP-922
was the best antioxidant candidate.

3.3 Phoenix Rig (Flowing) Tests
3.3.1 Results. We performed extensive measurements in a Phocnix rig; the results of these
measurements are presented in Appendix C.

These experiments revealed that the deposit thickness increases along the length of the test
section until a maximum is reached, then it decreases.  Also, tests with all the blended fucl
samples showed a noticeable improvement in fuel thermal stability. The effects of block tem-
peraturc on carbon deposition was also studied.  As ¢xpected, carbon deposition increases with
block temperature. Test duration aiso proved to be important; we found that carbon deposits in-
creased by factors of 2.2 to 5.8 when the test duration was doubled to 12 hours. The most
striking result was that at low bulk fuel temperatures, the oxygen and methane concentrations
remain constant (oxygen at saturation level and methane at G ppm); however, as the temperature
1s increased, the oxygen concentration drops suddenly. Two fuels (POSF-2747 and POSE-2799)

cxhibited a drop of over 90 percent in the concentration of dissolved oxygen within a range of
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about 40K change in the bulk fuel temperature. The third fucl (POSF-2827) showed a stow but
mcasurable decrease in oxygen level over a wider temperature range. The onsct of methane
production occurs -~ temperature that is very close to the bulk temperature at which there is a
significant decre: °n content.

The Phoenix > modificd as shown in Figure 4 to include not just the heated single
tube, but also a cocled iest section and both hot and cold filters. Figure 5 compares the deposits
measured in the hot section, on the hot filter, in the cold section, and on the cold filter for the Jet-
A, Jet-A+25 mg/l AO-2, and Jet-A+6 mg/l MDA for a 12-hour 573K block temperature, 16-
ml/min test. The extra test length (12 vs. 6 hours) resulted in a significant buildup of deposits at
F3, where essentially none was visible after 6 hours for the bascline Jet-A. The antioxidani did
not substantially affect the hot deposits, but significantly reduced the cold deposits while the met-
al deactivator reduced both the hot and cold section deposits. A noticeable reduction in the cold
scction deposits occurred even though the pressure drop across the cold filter had risen dramati-
cally for all the additives.

Finaliy, the results of the oxygen depletion test are shown in Figure 6. This figure shows
dissolved oxygen fraction as a function of the output bulk fuel temperature. The output fuci tem-
perature is varied by increasing the block temperature while maintaining a constant flow rate,
Two separatc iniual conditions are shown, cach represented by the percentage of oxygen in the
sparge gas.

3.3.2 Highlights and Conclusions. We reached the following conclusions from our study of the
carbon deposition, oxygen depletion, and methane production in a single-pass flowing heat ¢x-
changer (Phoenix rig).

(a) Both block temperature and ¢ duration increased the total carbon deposits in a non-
linear fashion. Tests with all the blends  fuel samples showed a noticecable improvement in fuel
thermal stability.

(b) Above a threshold bulk temperature of 450K, the fuel- dissolved oxygen concentration
dropped suddenly and the onset of methane production was triggered. The consumption of
oxygen had a complicated behavior; it was different in the carly and later stages. With nitrogen
sparging, mecthane production was greatly reduced.

(¢) Tests with both oxygen-saturated and oxygen-depicted fuels show that the solubility of
oxygen is lincarly related to the fraction of oxygen in a sparge gas, and the amount of deposit is
lincarly related to the total quantity of dissolved oxygen passed.

(d) Antioxidants were effective in reducing the deposits on the hot test section, but caused
increcased plugging of cool downstream filiers. The use of antioxidants in nonhydrotreated fuels
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was of little use in preventing total deposits. Metal deactivators show limited promisc; however,
there is significant promise from the use of packages such as JFA-S.

3.4 Analysis of Deposit Formation

3.4.1 Results. It has long been known [2] that oxygen consumption is an important first step in
the formation of deposits in jet fucls. Also, there is general agreement that peroxides, alcohols,
ketones, and acids are precursors 10 solid formation and that fucls oxidize to form gums which,
in turn, polymerize and condense to form solids. Hazlett [3] has described three key criteria any
proposed mechanism must meet: (1) dissolved oxygen must initiate the deposition process, (2)
hetero-atom-containinrg molecules should play an important role, and (3) only a small armount of
the fuel should be involved in the deposit formation process.

Our analysis of deposit formation is presented in Appendix D. In this analysis, stability
measurements are divided into two parts: (1) those based on deposit formation (referred to as
thermal stability) and (2) those based on the ability to oxidize (referred to as oxidative stability).

From our measurements, we have obscrved that the relative thermal stability of the base
fuels, in order from most to least stable, is POSF-2799, POSF-2747, and POSF-2827. This con-
clusion is based on ihe heleroatom concentration, boiling range, past experience with
hydrotreated fuels, and the fact that F-2799 is a special, thermally stable fuel that includes a ther-
mal stability additive package (JEA-5). Note that less deposit indicates greater thermal stability,
as docs a higher breakpoint temperaturc. Now, in contrast to past observations [2-4], the
Phoenix rig experiments showed an inverse order of oxidation temperature (oxidative stability)
versus thermal stability. This lends strong support to a iree-radical autooxidation theory that
proposes the following ideas.

(a) Oxygen Consumption. Dcposit formation does not follow oxidation. Rather, the presence
of some heteroatoms is responsible for increased deposit formation and their removal increases
both the thermal stability and susceptibility to oxidation of jet fuels. As early as 1963, it was
recognized [5] that hydrotreating removed some of the natural antioxidants from jet fucls, and
naturally occurring antioxidant molecules inhibit the oxidation of fuel and deposit forming
precursors.  Consequently, antioxidant additives have been specified in UK and USA military
specifications DERD-2494 (1963) and MIL-T-5624 (modificd 1976) for addition to hydrotreated
fuels.

(b) Methane Production. The free-radical nature of the chemical reactions is supported by the
appcarance of methane in the Phoerix rig at temperatures near 500K, and only when the oxygen
is lurgely removed. 1t is reasonable to expect that methanc is the result ol methyl-radical produc-
tion arising from the unimolecular fission of larger alkyl radicals to torm methyl and alkenes.
Our analysis shows that the appearance of methane only after significant depletion of the oxygen
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concentration is consistent with a free-radical mechanism.  Caleulations indicate that the global
activation cnergy of 10.6 kcal/mole is very reasonable for this type of reaction mechanism.

(¢c) Thermal versus Oxidative Stability. Jct fucl oxidation results in the buildup of peroxides,
ketones, aldehydes, alcohols, and acids from the ~utoxidation cycele; sulfates, sullones and
nitrous compounds from the inhibitors originally present; and alkenes from the decomposition of
radicals, Many of these oxidized compounds can, if present in sufficient quannty, inhibit fucl
oxidation. However, the inability to oxidize is closely linked to the tendency to form deposits.

A qualitative picture of the behavior of both oxidizability and deposit formation is shown
in Figure 7 for increasing amounts of casily oxidized material in the fuel. Easc of oxidation
decreases as concentraiion increases; however, it must eventually increase, causing a minimum
in the oxidation curve. Deposit formation rate should steadily increase with increasing con-
centration.  Note that the region for jet fuels is shown where these two mceasures of stability
move inverse to cach other. Identification of this region is empirical.

The above discussion implies that there is an optimum amount of antioxidant that should
be present in a jet fuel. Less than the optimum amount does not prevent oxidaticn, while too
much can induce deposit formation. The formulation of antioxidants for addition io fuels should
be based not only on their ability to act as antioxidants, but also on their ability to ¢nsure that the
termination products of the antioxidant radical are soluble rather than insoluble.

3.4.2 Highlights and Conclusions. Wc¢ have tested scveral fuels in a varicty of different test ap-
paratuses to determine their relative stability. A comprehensive analysis of these results and
those of previous rescarchers has produced the following conclusions.

(a) Dividing fucl stability into thermal stability (based on the deposit forming tendency)
and oxidative stabilitv (hased on the ability to oxidize and form peroxides, ketones, alcohols, and
acids) leads to the scemingly anomalous statement:  "Fuels that oxidize casily arc likely to be
thermally stable, while fucls that are not thermally stable are not casily oxidized.” This state-
ment was found 10 hold, independent of the fact that oxygen rcaction with fuel is a necessary first
step for the production of solid deposits.

(b) A theoretical analysis of the autoxidation mechanism of hydrocarbons can account for
the observed oxygen dependencies as well as all the other needed criteria for the deposit
mechanism, if the peroxy radical of the antioxidant molecules are the precursors to the deposit
formation,

(¢) Analysis of the free-radical chemical reactions accounts for the appearance of methane
in the Phocenix rig and alse other past observations [4-6].
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4. HICHLIGHTS AND CONCLUSIONS

In this section, we analyze our entire effort from the viewpoiut of program objectives, how
we ract those objectives, what new knowledge about the chemistry of deposit formation
emerged, and how this can be used to develop advanced thermally stable jet fuels for aircraft of
the futurc.

To addiess the program objectives, we formulated tests designed to thermally stress several
baseline and blended jet fuel samples in a flask or an MCRT apparatus (static tests) and in a
single-pass heat exchanger "Phoenix Rig” (flowing tests). The deposited residue samples which
comprise gums, insclubles, and carbon residue were examined by using « varicty of sophisticated
chemical analysis instrumentation. The following highlights and conclusions emerged.

4.1 Highlights

4.1.1 Role of Sulfur and Oxygen Species in Deposit Formation. Jet {uel oxidation results in
the buildup of peroxides, ketones, aldehydes, aicohols, and acids from the autoxidation cycle;
sulfates, sulfones, and nitrous compounés from the inhibitors originally present; and alkenes
from the decomposition of radicals. Many of these oxidized compounds can, if present in suffi-
cient quantity, inhibit fuel oxidation and, hence, form deposits. Howcever, if sufficient quantitics
of the easily oxidized compound are available, the compound will help stimulate oxidation and
again affect deposit production.

We established MCRT as an important static test technique and used it to determine the ¢x-
tent of oxidation occurring in POSF-2827 jet fucl. We found that the POSF 2827 fuel showed
very little total acid number (TAN) increase but did exhibit a relatively strong carbonyl peak, in-
dicating the presence of ketones, aldehydes, and possibly esters. Further, our study revealed thai
the oxidation of the fuel, and conscquently its acidity, were strongly temperature-dependent.
These important experimental observations led us to formulate a comprehensive theory of
deposit formation,

4.1.2 Chieanstry of Surrogate and Other JP Fuels. Our subcontractor, Eastern Kentucky
University {Principal Investigator: Professor W, D, Schulz, Department of Chemistry) completed
the chemica) investigation of oxidation deposits and the cffects of additives on deposits. The

final report for this effort is attached as Appendix E.

This work showed that many fuels (surrogate JP-8, JP-7, JP-TS, and POSE-2747) produce
increasing amounts of insoluble material with an increasing concentration of vxidized specics,
whercas fuels such as POSF-2827 produce large amounts of insolubles (phenolic compounds)
with esscntia ly no detectable concentration of oxidation products. In the carly stages of the
oxidation of JP-8§, the main products resulted trom the reaction of cyclooctane and hydrogen al-
pha to an aromatic ring (xylene, butylbenzene, tetramethylbenzene,  tetralin,  and
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mcthylnapthalene). As the oxidation progresses, the concentration of sccondary alkylalcohols
and ketones as well as substituted furanones increase, presumably due to alkane oxidation.

From the GC-MS analysis of soluble oxidation products, it was found that deposits trom JP-
8S and POSF-2747 were varnish-like polar specics with some peroxide-linking that can be
alleviated by using a proper detergent. In contrast, fuels such as POSF-2827 produce deposiis
stongly bonded (hemiketal type R’OH + RCOR - R-O-CH(OR’)R bond) into a solid phase.
Phenols interacting with carbonyls from aldchydes, ketones, or furanonces form a real, reversible,
covalent bond that increases molecular weight and pularity to produce deposit components,

4.1.3 Oxygen Consumption/Methane Production. In previous literature [2], oxygen consump- )
tion was believed to lead to deposit formation. Our static and flowing tests have questioned this
time-honored process. We found that previous deposit formation models are tnadequate in that

they do not predict both observed oxygen dependencics. We have shown that our theory can ac-

count for the obscrved uxygen dependencics in not only the recent work but also many previous

cfforts. Finally, tests with both oxygen-saturated and oxygen-depleted fuels show that the

amount of deposit is lincarly related to the total quantity of dissolved oxygen passed, and that

oxygen consumption is pscudo-zero-order in the carly stages, decaying to pscudo-first-order

when the oxygen nears depletion [7.8].

As for methane production, we found that the production of methane in the Phoenix rig ex-
periments results from hydrogen abstraction by methyl radicals. This process is in competition
with the rcaction of methyl with oxygen.

CH,;+ O +M~+CH1() +M (0

2 2

CH3+ RH - CH4+ R (2)

Thus, methane formation begins to occur at temperatures near SOOK at which the oxygen is
complctely removed.  An activation energy for the hydrogen abstraction reaction can be calcu-
lated and was found to be 10.6 kcal/mole. This value agrees well with the activation energies of
similar processes such as the reaction of ethane: Cl13 + CZH() - CH4 + C2HS (E =10.8
kcal/mole). )

4.1.4 Theory of Deposit Formation. We developed a gencral theory of hydrocarbon oxidation
(Appendix D) and its implication to the formation of jet fucl deposits. This theory embodies a
free-radical, autooxidation chain mechanisr and proposes that the presence of naturally occur-
ring antioxidant molccules plays an important role in both inhibiting the oxidation of fuel and
{orming deposit precursors. Thus, an optimum amount of antioxidant should be present in a jet
tuel; less than the optimum amount does not prevent oxidation, and too much can induee deposit
formation.
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In this theory, a clear distinction is made between the fuel thermal stability (based on the
deposit forming-tendency) and oxidative stability (based on the ability to oxidize and form
peroxides, ketones, alcohols, and acids). This leads to the scemingly anomalous statement:
"Fuels that oxidize casily arc likely to be thermally stable, while fuels that are not thermally
stable are not casily oxidized." This statement was found to hold, indcpendent of the fact that
oxygen reaction with fuel is a necessary first step for the production of solid deposits. Also, if
the peroxy radiczis of the antioxidant molecules are the precursors to deposit formation, then the
thcory accounts for the observed effects of oxygen consumption and methane production on
deposit formation, the obvserved first-order rate dependence of oxygen uptake in doped-
hydrocarbon systems [4], and the fact that adding of small amounts of ecasiiy oxidized

> compounds to alkanes causes a decrease in the oxidation rate rather than an increase [5,6].

4.1.5 Effects of Additives. Wc cvaluated scveral additives supplicd by Mobil Corporation
(Table 3) wia respect to their capability to hinder fuel degradation under oxidative conditions.
We found that in the MCRT tests, only MCP-922 ¢xhibited a measurable tendency toward solids
inhibition. With respect to decreased carbon burn-off value, the HLPS test conducted by Pratt
and Whitney showed that MCP-922 is the best antioxidant candidate submitted by Mobil
Corporation to date.

In the modified Phocnix rig (Figure 4), the addition of antdoxidant to Jet-A had limited suc-
cess in reducing the hot-section deposits and adding a phenol-based antioxidant caused a serious
deposition problem. The meta! deactivator reduced both hot- and cold-scction deposits. Finally,
the JFA-5 additive package (believed to contain a combination of antioxidant and metal
deacuvator) produced the least amount of deposit in the heated section.

4.1.6 Deposit Formation Studies.  Qur subcontractor, Purduc University (Principal
Investigators: Professor A. H. Lefebvre, School of Mechanical Engincering, and Professor L. F.
Albright, School of Chemical Engincering), examined the influence of fuel composition, addi-

. tives, surface composition, and flow conditions on deposit formation.  Their final report is
attached as Appendix F.

The cffect of fuel composition was examined for five different fucls in the recirculation
test mode. It was found that the JPTS fuel (POSF-2789) yiclded exceptionally low deposits,
whereas the Jet A fuel (POSE-2827) had the poorest thermal stability.  Using a single-pass ex-
perimental technique, it was found that fuel additives in POSF-2827 failed to decrease total
depusits.  Likewise, the deposition rates in the fuel tubes with surface treatment were higher.
This negative result was attdbuted to too severe a surface pretreatment that increases surface
roughness and promotes the collection of precursors. Finally, it was found that a reduction in
fucl tube diameter will initially increase deposit thickness. However, a continual decrease in
tube diameter increases the scrubbing action of the fuel along the tube wall, thus decreasing
deposit thickness,
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4.2 Conclusions
The conclusions of our research may be summarized as tollows.

(a) The presence of small quantitics ol certain antioxidant compounds (peroxides, ketones,
alcohols, etc.), naturally occurring or produced during fuel oxidation, inhibits oxidation. In large
quantitics, these compounds stimulate oxidation and, therefore, deposit formation.

(b) Deposit formation docs not follow oxidation. Rather, the presence of hetero-atoms in-
crcases deposit formation, and their absence increases both thermal stability and susceptibility to
jet fuel oxidation.

(c) A free-radical autooxidation theory of deposit formation has been developed. In this
theory, a clear distinction is madc between the fuel thermal stability (based on the deposit form-
ing tendency) and oxidative stability (based on the ability to oxidize and form peroxides,
ketones, alcohols, and acids). This lcads to the scemingly anomalous statement;  "Fuels that
oxidize easily are likely to be thermally stable, while fuels that are not thermally stable are not
easily oxidized." This statement was found to hold in experimental tests.

(d) Of the several additives supplicd by Mobil Corporation, our MCRT tests demonstrated
that only MCP-922 cxhibited a measurable tendency toward solids inhibition. In the modified
Phoenix rig, antioxidant in Jet-A rcduced the hot-section deposits, metal deactivator reduced
both hot- and cold-scction deposits, and JFA-5 produced the least amount of deposits in the
heated scction.
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Table 1. Properties of Baseline, Blended, and Surrogate Fuels

Baseline Fuels

AST™™

Source Sun Oil Exxon Shell
JFTOT D3241 605 672 539
Breakpoint(K)
Sulfur wt. %* D3227 0 0 0.1
Aromatics D1319 19 9 19
Vol %
Existent Gum D381 0 0.4 0
mg/ml
Flash Point (K) D93 395 393 7 413
Blended Fuycls
Fuel Identification JFTOT (K)  Base Fuel Additives
POSF-2814 590 POSF-2747  Fuel system icing
inhibitor
Static Dissipator
Corrosion Inhibitor
POSF-2827A 530 POSF-2827  JFA-5-12 mg/l
POSF-2827B POSF-2827  JFA-5 - 50 mg/l

Surrogate JP-8S Fuel

Compound mass %
methylcyclohexane 5
m-xylene 5
cyclooctane 5
decane 15
butylbenzene 5
tetramethylbenzene 5
tetralin 5
dodecane 20
methylnapthalene S
tetradecane 15
hexadecane 10
isooctane 5




Table 2. Summary of Fuel Additives Evaluation Using MCRT Test

Additive Evaluation Using MCRT Test at 250 C, Air Atmosphere

3 Hour Test Time
Percent Standard Guins

Sample Residue  Deviation (mg/g) TAN
Base Fuels
2747 0.10 0.03 6.7 9.18
2799 0.11 0.02 ND ND
2828 0.21 0.03 ND ND
2857 0.31 0.05 18.1 11.73
2827 0.46 0.09 25.8 17.16
Fuels + Additive
2827/QU-23 0.35 0.11 11 11,77
2827/TBHQ-100 0.35 0.11 10.9 13.58
2827/2753 0.37 0.08 13.3 14.32
2827/2774 0.37 0.09 ND ND
2827/2778 0.37 0.09 ND ND
2827/TBHQ-200 0.39 0.06 9.7 11.62
2827/2748 0.40 0.09 ND ND
2827/2761 0.40 0.06 ND ND
2827/TBHQ/D1/JFA-5 40 0.09 20.6 12.09
2827/TBHQ/JFA-5 0.40 0.09 17.8 12.00
2827/2786 0.42 0.08 2].1 _13.77
2827/PANA/DODPA 0.42 0.07 13.8 11.58
2827/TBHQ/BHA 0.43 0.09 18.4 13.21
2827/2744 0.46 0.07 ND ND
2827/2726 0.48 0.09 ND ND
2827/2850 0.48 0.09 22.1 14,70
2827/2736 0.51 0.08 12.9 12.90
ND = Not Determined




Table 3. Results on Best Additives Blended with POSFE-2827 Fuel

Yo Improvement

MCP-922 L MCP-1020 MCP-1025
(AO-N) (Det.) (Det.)
ICOT @@ 180°C ND 100 100
(Bulk, Surface
Deposits)
MCRT @..50 C
TAN 10 21 32
Gums 64 68 29
Solids 28 10 10
HLPS@335°C
P&W Data Carbon 76 30 ND

ND = Not Determined
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Figure 1. Schematic diagram of the MCRT test apparatus

|

’ PRECONDITIONING
TANK

(189 LITKES)

0,

M—/\MAw’\/\M
TEST FUEL
FUEL TUBE WITH
v ——— WELDED vC
! (2.15mm X 560 mm) k
F{O.5umi

]
[——<—— N SPARGING
GAS
— -

SCRAP

) IR
GC GC F(é,...m)

PUMP COPPER BLOCK
HEATER

Fl{Z2um)

Figure 2. Schematic of the Phoenix rig showing the fuel preconditioning tank,

pump, filters (F), copper block heater, and gas chromatograph (GC) sampling
locatiens,




1.000
G o-aoo -+
a |
a |
@
& 0.6001
g 2827
3 0.400¢ . _
§ A2857
O 0200+
vi JPTS
47 -
0.000 + + -+ +
0.000 0.200 0.400 0.600 0.800 1.C00
POLAR FRACTION (GUMS)
Figure 3. MCRT solid residue vs. gum polar fraction relationship
T0 6C 10 60
’% PP
, 1C1 L {w]
- HEATED SECTION ——
T3 K

40 K
320 K 340 K

Figure 4. Flow diagram of the modified Phoenix rig showing the relative location of
thermocouples (TC), differential pressure gauges (DP), filters (F), and gas

chromatograph sampler (GC). Listed temperatures are typical for 16 mi/min flow
and 300C (573K) block temperature.




N
o

4 1 l
U T T

ON A OO ON OO

H
1]

HTHF

i
L

i
1

L
1

Total Deposit (milligrams)

F
i

Jet-A Jet-A +  Jet-A +
AO2 MDA

Figure 5. Effectiveness of antioxidant (AO) and metal deactivator (MDA) additives on
deposit from Jet-A fuel; (HT-Hot Tube, HF-Hot Filter, CT-Cold Tube, CF-Cold Filter)

Oxygen Fraclion
O O O o
H OO

o
(N

3
©
-t

400 450 500 550
Bulk Fuel Temperature (K)

Figure 6, Variation of oxygen consumption with bulk fuel temperature for two initial
oxygen sparge conditions

1
1




T { —— Deposit
1 Formation

— — — Oxidation

P

Increasing Oxidation or Deposit
Formation

-

M

Increasing Concentration of Easily Oxidized
Material

Figure 7, Qualitative behavior of fuel oxidative and therma! stability with increasing con-
centration of easily oxidized species




APPENDIX A

STATIC TESTS FOR THE EVALUATION OF FUEL ADDITIVES

by

Shawn P, Heneghan
University of Dayton, Dayton, Ohio

Stacy L. Locklear, David L. Geiger, and Steven D, Anderson
Wright Laboratorics, Wright Patterson Air Force Base, Ohio
and

William D. Schultz
Eastern Kentucky University, Richmond, Kentucky

Published as AIAA Paper No. 92-0686. To Appear in AIAA Journal of Propulsion.




STATIC TESTH FOR THE EVALUATION OF FUEL ADDITIVES
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Abstract

Jet fuels and jet fuel surrogates have been
thermally stressed to simulate the timeftemperature
history of aircraft fuel handling systerrs. The resulting
fuels, soluble products, and insoluble products have been
analyzed. Quantitative and qualitative measurements of
the deposits and the fuels are presented. These yield
insights into the chemical and physical processes
important to the formation of deposits.

Surrogate f{uels have been used to develop
quantitative Fourier transform infrared (FTIR; techniques
for detecting the formation of oxidation products.
Gravimetric analysis is used to quantify the amount of
deposit matertals formed in thermal stressing. FTIR
gives qualitative details of the chemical structure of the
deposits and soluble oxidized products. Gas
caromatography with atom sensitive atomic emission
detcction is used to detail some of the molecules involved
in the chemistry of deposit formation.

In general, the static tests described here
indicate that there is good agreement between static and
flowing tests conceraing the quality of a fuel. However,
to adequately assess fuel stability. the availability of
oxygen must be both limited and controlled.  Arbitriuity
increasing the oxygen availability is likely to yield results
which are not applicable to oxygen starved stressing
processes. Further, there is not a direct relation between
the amount of oxidized products dissolved in a stressed
fuel, and the amount of insoluble solids formed.

Abbreviations
ASTM - American Society for Testing and Materials
FTIR - Fourier Transform InfraRed
GCAED - Gas Chromatography with Atomic Emission
Detection
HPLC - High Pressure Liquid Cluomatography
IR - Infrared
JETOT - Jet Fuel Thermnal Oxidative Tester
Jp. Jet Propellant (fuel)

Copynght & 1991 American Institute of Aeronautics and
Astronautics, Inc. All rights reserved. 26

JPTS -
POSF -

Jet Propellant Thermally Stable
Propulsion Directorate - Fuels Branch

Introduction

The Air Force JP-8 + 100 is a systematic
program to investigate the performance of various fuel
additives, with a goal of substantively increasing the
cooling capacity of jet fuel. Fuel additives have been
supplied to Wright Laboratories by a variety of
manufacturers, and have been blended and shipped tc
several researchers to evaluate additive performance.

The fuel was subjected to a variety of tests, each
of which simulated some portion of the thermal history of
the real fuel as it encounters different thermal
environments in a jet fuel handling sysiem, Stagnant
heated flask tests, as described here, were used to
replicate on-board fuel storage systems, and 1o study the
chemistry associated with the thermal degradation of fuel
through the auto-oxidation process.

Among the goals of this study are the evaluation
of jet fuel stability and the products of jet fuel breakdown
by spectroscopic techniques, the chemical evaluation of
the actual deposits formed, and the development of
saflgiont birztics vodenianding o compare flovieg
tests, independent of operating conditions with non-
flowing tests. In particular, Fourier transform infrared
(FIIR) techniques arc developed to quantify the amount
of alcohol and ketone species in surrogate fuels.  Gas
chromatography  with  atomic  emission  detection
(GCAED) is used to follow the production/consumption
of oxygenfsullur containing molecules.  Mulii-clememal
analysis is used to study the elemental makeup of the
deposits

This paper desciibes the fuels used in the various
experiments, the experiments used to stress the fuels, and
the results of both qualitative and quantitative analysis
technigues used to analyze the deposits and the fuels. In
particular, the importance of the auto-oxidation process
to the tormation of deposit material is discussed.




Experimentad Yoo
Fuels Description

To ascist in the development of analytic/
spectroscopic tests, (wo systems (one consisting of the
reference jet fuels. and one consisting of a surrogate jet
tuel) were used. The reference fuels and some of their
properties are jisted in Tabwe 1. Propulsicu Directorate -
Fuels Branch (POSF-2747 is 2 highly hydro-treated Jet
A-1 fuel, while POSF-2799 is an Air Force specification
fuel. jet propellant thermally statle (JPTS), which has
good thermal stability churacteristics. The goal of the
£it Feace 17 2160 program is io develop a fuel which
czhibi*s *hs “Yermal stability characteristics of JPTS
through the addition of additives to typical JP-8, Fuel
FOSE-2827 is a non-hydvo-treated Jet A, with a proader
beiling range, and increased hetero-atom concentration.
Ii is expected that tus Juel will exhibit lower thennal
stahility than FOSF-2747. 1n addition, POSF-2814 is a
JP-8 made by adding icining inhibiror, static dissipator, and
corrosion inhibitor to POSF-2747. Finally, a JP-7 and
two other JP-8 fuels were also tested.

JPTS has a Jet Fuel Thermal Oxidative Tester
(JETOTY brankpoint of 399C - indicative of its excellent
therma: stability. POSF-2747 has a breakpoint of 332C
while POSF-2817 has a breakpoint of 266C. Thesc fuels
all pass ASTM D3241 and tie breakpoints indicate the
anticipated orderitg of the stability. Further, the relative
thevmai siability of there tuze fuels bas been established
rccently in several iluving systems, and it is in
agrecment with the JFTOT breakpoint analysis.

Surrogate fuels comprise a mixture of selected
lrxdrecarbons.  The selection and mixture ratio of the
hydvucarbons is designed to yield a soluticn which can
mimiz many of the properties of a real fuel, yet still have
the simplicity of a pure hydrocarbon mixture. The great
value of surrogate fuels is their simplicity which allows
for the observation of intermediate product formation.
This formation is often obscured by the complexity of
real fuels. The makeup of the surrogate fuel is listed in
Table 2. This mixture exhibits a boiling range of 92C to
286C, contains 22% aromatics, 0% alkenes, and a density
of 0.8 g/ml.

Flask test

Fuels were heated in round-bottom flasks undey
0C reflux at a temperature of 180C. Oxygen was flowed
into the heated fuel for two reasons. First, it was found
that bubbling oxygen at 180C was nccessary to achieve
significant (gravimetrically measurable) degradation in
time periods approaching four hours. Second we hoped
that maintaining oxygen saturation would remove the
dissolved oxygen content as a variable in the system.
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Deposits were collected by  two  separate
methods. In one set of experiments, the entire 30 ml
sample of fuel was cooled. and decanted though a filter.
Deposits were collected either in the filter or in an
acetone wash. Deposits were then dnied and weighed. In
the secorul set of experimients 10 ml of a 100 ml sample
were extracted filtered, washed, dried, and weighed.
These filierable deposits were collected from the same
sampies used iu the quantitative FTIR measurements.

FTIR

Surrogate fuel was used to show that the amount
of oxidized preduct in the fuel could be measured
quantitatively. Various quantities of alcohol (octanel),
and ketone (2-octanone) were added to the fuel, and the
integrated response of FTIR was determined. The
spectrometer used for these tests was a Mattson Galaxy
Series 4020. The surrogate fuel was described in Tabis 2
and all chemicals are 99% purity from Aldrich. A
Nicolet mordel 740 FTIR was used for qualitative analysis
of the fuels and the deposits.

Other Tests

Fuels (stressed and unstressed) and deposils
were studied by following the total acid number of the
fuel (ASTM D3242). The fuels were further analyzed by
GCAED (Hewlett Packard HP5962a), and high pressure
liquid chromatography (HPLC). Elemental composition
of the deposits was measured on a Leco CHN-932
elemental analyzcr.

Results
Flask Tests

Table 3 shows the development of insolubles at
constant time (Shrs.) and temperature (180C), while
allowing the flow rate of oxygen 1o vary for fuel POSF-
2747. Table 3 also lists values of total acid number of
the fuel and the integrated FTIR absorption near
1700 em- 1.

Under similar conditions of stressing, JPTS
produces essentially no insoluble materials, despite
having an elevated acid number, and showing absorption
in the 1722 cm”! region. Similarly, POSF-2827 produces
only 3.7 mg of insoluble product independent of the
oxygen flow. It shows no other signs of being strongly
oxidized.

Qualitative IR
The nfra-red spectra of products trom POSF-

2747 show a similar qualitative behavior (Figure §). The
absompuen pattern is typical of an organic acid, with




absorptions in the region of 1700 cm’ ! from the carbonyl
group and the broad absorptions near 30400 em-! from the
OH moiety. Again, JPTS stressed fuel shows similar
features, while the stressed fuel from POSF-2827 shows
alntost no absorption in the 1700 em-i or 3100 cm-1
region.

QQuantitative IR

A surrogate fuel was used to establish the ability
of FTIR 10 quantitatively measure the amount of oxidized
product in fuel.  After determining the integrated
response factors for ketones and alcohois in surrogate
fuels, seven different fuels were stressed under oxygen
rich conditions for two hours at 175C. The amount of
alcohol and ketone was determined. and the amount of
filterable solid deposits formed (in 10 ml) was
determined. Table 4 lists the results of the concentration
of alcohol, ketone, the sum of oxidation products, and the
amount of filterable solids.

Other tests

The HPLC of stressed and unstressed POSF-
2747 shows that there has been a significant change in
the unsaturated fraction of the fuel. Figure 2. shows the
diclectric constant deiection of fuel POSF-2747 before
and after stressing at 180C with bubbling oxygen for 4
hours. The negative response of the second (the
unsaturated fraction) peak after stressing indicates that
the dielectric constant of that fraction has increased
significantly. As a result. changes in the amount of
unsaturates cannot be determined. The HPLC of POSF.
2827 does not show the same type of major change in the
dielectric constant of the stressed fuel.

A GCAED analysis of two fuels, the
hydrotreated POSF-2747 and the non hydro-treated
POSF-2827, provide additional data on the oxidation of
fuels.  POSF-2827 shows the presence of sulfm
(Figure 3), while POSF-2747 does pot. In the stressed
fuels (Figure 4), POSF-2827 shows that the sulfur has
been intimately involved in the reactions, yet the oxygen
level is barely visible. POSF-2747 shows significant
oxidation

Finally, the deposits formed in stressed POSF-
2747 have been analyzed for elemental composition. The
deposits are greater than 20% oxygen by mass and nearly
2% sulfur. As yet the ¢elemental composition of the
deposits for POSF-2827 has not been measured.

Discussien

Table 3 indicates that the amount of insoluble
whaterial was directly related to the amount of oxygenated
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product in the fucl. However. this is true for only one
fuel (POSE-2747 -- the highly hydrotreated fuel). JPTS
also forms oxygenated fuel soluble products (according
to the IR spectra), but produces almost no deposits
POSF.2827 produces very little insoluble product, and
the tetal insoiuble solids formed are not a strong function
of the amount of oxygen available.

The GCAED traces (Figures 3 and 4) verify the
FTIR observations that some fuels do not form soluble
oxidative products. POSF-2827 has sullur atoms present,
and these compounds are significantly involved in the
chemical reactions which take place under stressing.
This fuel however does not form significant amounts of
soluble oxidation products. POSF-2747 contains no
detectable sulfur. This fuel consumes oxygen, forming a
large number of deteclable oxygen contaimng
compounds (Figure 4).

The HPLC traces of POSF-2747 (Figure 2) are
consistent with a large increase in oxygen containing
molecules. POSF-2827 does not show a similar increase
in the dielectric constant of the unsaturated fraction. This
is consistent with the GCAED observations that fewer
oxygen cofitaining species are present in stressed POSF-
2827 relative to POSF-2747 as highly oxygenated species
are likely to be more polar, and exhibit a greater
dielectric constant than non-polar compounds.

The sulfur atoms which are involved in reactions
in the stressed POSF-2827 probably show up in the
insoluble products. The number of sulfur atoms in the
fuel has decreased by more than a factor of 2 (note the
change of scale in Figure 4). Sulfur atoms tend to
concentrate in the deposits as shown by the elemental
analysis of POSF-2747 deposits. The deposits formed by
POSF-2747 contain nearly .2% sulfur, despite baving less
than 50 ppm sulfur in the fuel. The large amount of
oxyeen in the solids is also consistent with an easily
LxICized fu L

Figure 5 is a plot of the oxygenated fuel-
disselved products versus the filterable solid materials
formed (Table 4). There is good agreement between the
observed amount of ketone and alcohol produced.
Interestingly. some fuels produce deposits, while not
torming any oxvgen containing products at ail. in fact, if
JPTS and surrogaste jet fuel (JP-8S) are not considered.
the general conclusion is that tuels which oxadize easily
will, in general. not form laige amounts of insoluble
solids. JPTS seems to not oxidize sutficiently to follow
this trend, but it has an added anti-oxidant which may
account for the low level of oxidative products. JP-85
oxidizes too much given the large amount of solids
formed.
comparison here may not he appropriate

However, JI-8S is not really a fuel thus its




The gencral behavior of case of oxidanon being
inverse to ease of solid forination has heen ubserved in
the past by Hzmly' His conclusion was bascd on the
observation of 13 jeu fuels. He measuied the ability to
oxidize by measuring the resulting peroxide number afier
an accelerated storage test under oxygen overpressure at
100C for 48 howss, and the deposits in a flowing
gravimetric JFTOT test. His conclusions are identical to
ours in that fuels which oxidize easily are invariably
stable when measured by filterable deposits. Conversely,
Hardy noted that fuels which do not oxidize easily
exhibit a wide range of thermal stability as measured by
deposits.

Usg the same three reference fuels (POSF-
2747, 2827, and 2799) Heneghan? et. al showed that the
amount of solid formed on the walls of a single pass heat
exchanger was inversely related to the temperature that
the fuel consuried oxygen. Since the “ease of oxidation™
is inversely related to the temperature at which the fuel
consumes oxygen, this is a repeat of the general behavior
observed here and by Hardy.

Finally, Biddle3 showed that the amount of
deposit formed in a hot lignid process simulator was
inversely reiated to the onset of oxidation exotherm in
differential scanning calorimetry. Biddle used the same

three fuels as Heneghan, 5o the result is not surprising.

As indicated above, it was originally hoped that
use of the FTIR to menitor oxygenated compounds would
help monitor the initial buildup of precursors to deposit
formation. The daia of figure 5, as well as the
observation that JPTS and the hydrotreated POSE-2747
consume oxygen more easily than POSF-2827 suggests
that the relation between the formation of oxygen
containing products in the fuel may be related to the
production of solids in a much more complicated manner
than previously believed. The additional evidence
presented by Heneghan, Hardy, and Biddle are consistent
with a more complicated relation.

Interestingly, the amount of deposit which is
formed by POSF-2747 relative to POSF 2827 is strongly
dependent on the amount of oxygen available. The
deposits formed by POSF-2747 increase linearly with the
bubbling rate of oxygen. while the deposits formed by
POSF 2827 are essentially independent of the availahility
of oxygen. At zero oxygen flow or under a nitrogen
purge, the hydro-treated fuel POSF-2747 appears to be
the better fuel, that is produces less insoluble product. -
an expected resuit based on JFTOT breakpoint, and other
flowing tests under limited oxygen availability

conditions. However under strong oxygen flow, the stock
feed 2827 appears to be the better fuel, when both
insoluble gums and solids are considered.

The oxygen was originally tubbied into the fuels
to maintain a saturated oxygen leve! and thus remove it
as a variable. However, the results indicate that only
POSF-2827 has been maintained in the saturated oxygen
condition. The increase ot deposits with the increase of
oxygen flow in POSF-2747 indicates that the fuel has not
reached and maintained a saturated oxygen level despite
the oxygen flow rate reaching 3 cm?/min of oxygen per
milliliter of fuel. The unsaturated condition of POSF-
2747 is probably caused by the rapid consumption of
oxygen.

Trying to correlate the results of our flask test 10
other tests designed to measure the thermal stability
(JFTOT, single tube flowing heat exchangers) showed

. that the correlation depended upon either the amount of

oxygen flowing or how the solids were collected. The
fuels exhibit the expected order of stability if the oxygen
is limited, or as in the FTIR experiments, the filterabie
solids are collected. Since the condition of bubbling
oxygen into beated fuel is not indicative of any real
system, the milder oxygen conditions are deemed more
useful in predicting fuel thermal stability.

Conclusion

FTIR, HPLC, GCAED, and elemental analysis,
tests of fuels and deposits for a hydro-treated and i non
hydrotreated fuel have shown that the level oxidation in
the more thermally stable fuel (as determined by JFTOT
breakpoint and other flowing tests) is significantly higher
than in the less stable fuel.

An extension of the FTIR oxidation
measurements to 7 different fuels confirm that there is an
inverse relation between the thermal stability as
measured by solid deposits and the stability as measured
by oxidation. The relationship of these two values has
now been shown by at least 4 research groups using a
total of 20 different fuels.

FTIR can be a useful tool in following the onset
of oxidation products and is quantitatively useful in
following the buildup of acids, aldehydes, and ketones in
real fuel samples. The evaluation of fuels and additives
in a static flask test will yield resuits which are strongly
dependent on the availability of oxygen.
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Table 1. Properties of Baseline Jet Fuels

Fuel ldentification

Number
3
ASTM Method POSF-2747 POSF-2799 POSF-2827
Sulfur mass % D4294 0 0 0.1
Aromatics Vol % D1319 19 9 19
Gum mg/ml D381 0 0.4 0
Flash Point (C) D93 122 120 140
JFTOT D3241 332 399 266
Breakpoint (C)
Table 2. Composilion of
Surrogate Jet Fuel-8S
Table 3. Comparison of Acid Number, Insolubles , and FTIR in Fuel
Compound mass % POSF-2147
methylcyclobexane L]
m-xylene 5 Sample oxygen Acid Number  Deposit mg/30  FTIR 1722
cyclooctane 5 flow cc/min mg KOH/gof ml of fuel cm™! peak
decane 15 fuel area
butylbenzene 5 0 x 0 x
tetramethylbenzepe 5 I8 8.03 62 x
tetralin 5 30 10.6 154 119
dodecane 20 60 14.0 200 14.2
methylnapthalene 5 90 16.4 32 16.0
tetradecane 15 X = not measured -
hexadecane 10
isouctane 5
Table 4 Analysis of the Oxidation Products of Various Fuels
Fuel ID# Insoluble Alcohol Ketone sumni
mg moles/l moles/] moles/]
JPTS POSF-2799 0.1 0.312 0278 0.59
JP-7 POSF-2818 10.0 1.853 0588 2.44]
JP-8 POSF-2814 125 1.142 03875 2017
Jet A POSF-2747 137 1.140 0636 1.776
Jp-8 POSF-2813 18.0 0.022 0012 0.035
JpP-8 348 0.029 0.020 (1.049
JP-88 Surrogate 38.3 0.352 0.253  0.605 |
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Figure 1. Infvared spectra of POSF-2747 before and after stressing and the insoluble products.
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Figure 3. GCAED sulfur and oxygen analysis of POSF-2747 and POSF-2827.
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Figure 4. GCAED sulfur and oxygen analysis of stressed POSF-2747 and POSF-2827.
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MICRCGCARBON RESIDUE TESTS (MCRT) AND ANALYSIS
1. Introduction

We developed a modified version of ASTM D4530-5 test for JP fuels using the MCRT
sketched in Figure 1. This modification was necessary because the standard method measures
coking under strictly pyrolytic conditions and was developed for lubricants. Insiead of the
12 mm o.d. x 55 mm vials, 21 mm o.d. x 70 mm vials were used to provide greater surface area
for reactions. One milliliter of sample was weighed, to the nearest 0.01 gram, into six pre-
weighed viols anu lowered into the test chamber. The oven was heated to 250 C at the rate of
8.3 /min and held for three hours while air is purged through the chamber at the rate of 150
mL/min. At the conclusion of the test, the vials are cooled and weighed, and the difference
in weight is reported as a percentage of the original fuel weight. The degraded fuel which
has been condensed in the trap is analyzed along with the insoluble gums.

The potential of the MCRT method as a valuable device for studying the chemistry of
deposit formation as well as for screening additives was demonstrated in several ways: (i) a
correlation with the Micro Thermal Precipitation Test (MTPT) used by Pratt and Whitney, West
Palm Beach, FLL was demonstrated, (ii) the thermal stability performance of POSF-2827
reference fuel was evaluated with scveral new anti-oxidants and additional base fuels were
tested, and (iii) POSF-2827 fuel and a thermally stable jet fuel (JPTS) were subjected to a
cycling test to produce multiple layers of deposits and quantify the level of gum formation
in the oxidized fuel. Finally, development of new test methods continued using a variety of
diverse procedures such as Thermal Gravimetric Analysis (TGA), X-ray Photoelectron
Spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR), and Gel Permeation
Chromatography (GPC).

2. Correlation with Micro Thermal Precipitation (MTPT) Test Data

Figure 2 shows the correlation between the MCRT and MTPT tests, indicating excellent
agreement for the POSF-2827 fuel containing additives. Howaver, when the data for the
reference fuel without additives is included, the correlation is somewhat diminished. This
may be due to the fuel’s unusual ¥-havior in flask type tests (which has been attributed to
its diverse molecular structure) -vhich lends it natural antioxidant qualities in oxygen rich
environments.

To further understand the deposition characterisiics of these fuels, a test was
developed to analyze the carbon content of the MCRT deposits. In this test, the bottoms of
MCRT vials were cut off, weighed, and analyzed in the LECO Carbon Analyzer. Since MCRT
results are measured as a total deposit whereas MTPT data are measured as carbon deposits, we
converted the MCRT values to carbon values, and re-evaluated the correlation. Figure 3
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depicts the carbon as a percentage of the total residue and r¢ cals striking differences
which couid be duc to the varying extents of oxidation among the fuels. Figure 4 shows
correlation in terms of carbon versus carbon. This result indicates less correlation than
that presented in Figure 2. Currently, reasons for these differences are being investigated.

3. Correlation with Phoenix Rig Test Data

It has not been established whether static tests such as the flask test, MCRT, and MTPT
produce data which compare favorably with data from dynamic, flowing systems, nor has the
effect of preséure and oxygen availability becn exhaustively studied in experiments todate.
To this end, Figure 5 illustrates an initial comparison of the performance of four fuels in
the MCRT and Phoenix Rig. These results compare the two extremes.  Therefore, the good
correlation exhibited here needs further verification by choosing a fuel of intermediate
stability such as POSF-2857.

4. Evaluation of New Fuels and Additives

Several fucls have been evaluated in addition to the reference fuel (POSF-2827) and the
thermally stablc fuel (QPTS, POSE-2799). Figure 6 illustratcs the differences between these
two fuels and EXXSOL D-80, a solvent resembling JP-7, POSF-2747, the hydrotreated JET-Al,
POSF-2828 and POSF-2857, intermediate stability fuels, POSX-0174, a JP-8 fucl and Hexadccane
with and without Diphenyl disulfide (DPDS). These results suggest that the deposition
tendency in the MCRT is strongly dcpendent on fucl volatility and hence the molecular weight.
However, since the MCRT measurmcents agrec with data from other (closed system) test methods
in which volatility is restricted, the molecular weight of the fuel and that of degradation
products is a primary factor in deposition despite test configurations. Experiments ‘o be
performed during next quarter will hopefully substantiate this premisc.

During s quaner, we primarily petfotacd aidioxidant €aing. M Bob Kauffman of
UDRI performed cyclic voltammetry ¢cxperiments us‘ng his Remaning Useful Life Evaluation Rig
(RULER) device to cxplore the oxidation inhibiting capabilitics of various additives. He
found that the prevention of oxidation does not nccessarily reduce deposit formation to a
great degrec as shown by Figure 7. Although the RULER ranked the antioxidants as effective
oxidation inhibitors, there was only approximately 25% reduction in deposits with the 100 ppm
TBHQ (tertiary butylhydroxyquinone) in the MCRT tests.  The deposit level is still
substantially above that of the thermally stable or hydrotreated fueis, in agreement with
Pratt and Whitney’s Differential Scanning Calorimetry (DSC) study.




5. Cycling Tests

We performed the cycling tests to accomplish four objectives; (i) to provide suificient
quantities of solids and gums for subsequent analyses, (ii) to study the rate of formation of
deposit layers, (iii) to magnify differences between the fuel formulations, and (iv) to
characterize deposits according to morphology.

MCRT vials were filled with fresh fuel after being removed from the oven chamber and
re-run through the MCRT cycle. This procedure was repeated for a total of ten cycles, thus
sroducine multiple layers of deposit. As seen in Figure 8, the formation rate was linear.
As evpected, the POSF-2827 fuel showed a much steeper slope than the JPTS fuel. Tests such
as this one greatly magnify the differences between fuels with respect to deposit formation
and should be applied whenever a candidate additive appears to significantly improve fuel
performance. This can ensure that the formulation is truly effective in an environment where
a surface layer of deposit has already been laid down. Another important area where the
cycling test is very useful is in determining deposit morphology. Here, the JPTS gave a
smoo:h layer even after completion of the tenth cycle. In contrast, the POSF-2827 fuel
produced a flaky, wrinkled deposit along with the smooth layer after the fourth cycle.
Future cycling tests will include an application of a stable fuel over an unstable fuel to
determine whether the potentially harmful flakes which can clog low tolerance valves and plug
fillers can be minimized by the application of a smooth layer from a thermally stable fuel.
In the present tests, a Scanning Electron Microscope (SEM) was used to examine the
characteristics of the flaky deposit from POSF-2827 fuel and the micrographs are shown in
Figure 9. These photographs reveal that the flakes are sheets or thin films which are
crinkled rather than porous particles, and this is consistent with the relatively low test
temperature of 250 C. At higher temperatures a more coke-like carbonaceous deposit would be
formed.

6. Gum Formation

Insoluble gums are formed in flask tests and the MCRT for certain fuels at varying
levels. We developed a procedure for quantifying insoluble gums produced in the MCRT. The
condensed fuel which is collected in the trap is decanted thus isolating the gum which
adheres to the bottom of the jar. The gum is rinsed with hexane to remove fuel, and a stream
of nitrogen is passed over the gum, spreading it into a thin layer and presenting a high
surface area for the second hexane extraction. After the second hexane rinse, the gum is
dried under nitrogen to a stablc weight. The weight of gum in milligrams is divided by the
total fuel weight and reported as mg gum per gram of fuel. These test results are presented
in Figure 10. They illustrate the effectiveness of antioxidants in reducing gum formation,
Unfortunately, this reduction does not always translate into lower solids. Figure 11 shows
the gum formation during cycling. It reveais that the rate of gum formation was not
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significantly higher for POSF-2827 fuel; the initial amount produced was higher but the slope
remained lower than anticipated.

7. Instrumental Analysis

(a) Thermal Anaiysis: Thermo Gravimetric Analysis (TGA) provides a quantitative
measurement of weight change associated with thermally induced twansitions by recording
weight loss as a function of temperature. Transitions involving dehydration or decomposition
are of interest because they are characteristic of a given compound and occur in unique
sequences. Rates of weight change are often a function of molecular structure, resulting
from chemical bonds forming and breaking at elevated temperatures. The identity of the
volatile products can provide valuable insight into the composition of a sample. Analyses of
the purge gas exiting from the TGA can be accomplished by coupling to a mass spectrometer
(TG-MS) which is often used in studies of volatile organic pyrolysis of oil shales.

Another complementary technique which makes TGA a more valuable tool is Differential
Scanning Calorimetry (DSC) which measures energy changes or heat flow. A clear distinction
can be made between physical and chemical changes, since nearly all weight change processes
absorb or release energy, but not all energy-change processes are accompanied by a weight
change.

TG analysis of solid deposits from the MCRT cycling test of POSF-2827 and JPTS fuels
revealed somewhat similar behavior under inert conditions (nitrogen), but different profiles
were observed in an oxidative atmosphere (air). As shown by Figure 12, the JPTS fuel
exhibits a sharp transition at 432 C. This result indicates volatilization of a relatively
simple material, becoming 17% unevaporated material. However Figure 13 shows that the POSF-
2827 fuel goes through transitions beginning at 361 C, 482 C, and 521 C, all of these at
slower rates than the JPTS fuel deposit. This behavior is experted only for a more complex
mixture. Since the deposits were formed urd~ dentica. 25t ¢ondivens, ibe TG anajysis
shows a definite difference in the end deposition products. The POSE-2827 fuel deposit was
also analyzzd by ambient DSC but showed no tiunsitions. If any subsequent reactions are
taking placc, they are in competiion with vaporization. Since the reactions could be
exothermic as is vaporization, two processes will overlap in the scan, resulting in
unresolved transitions. High pressure DSC could allow observations of the separate
transitions by causing vaporization to occur at a higher temperature.

(b) XPS Analysis: Four fuel deposits from the MCRT were sent to Mr. Tom Wittberg of
UDRI Nonmetallic Materials Division for X-ray Photoelectron Spectroscopy (XPS). This
technique can detect all the elements except H and He within 4 nm of a sample surface. From
a careful analysis of shifts in photoelectron binding energics, differences in chemical
bond:ing can be detected.
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Table 1 shows the measured percent composition of the samples which show differences in
the oxidation levels among them. Interestingly, the sample containing an antioxidant (2761)
is the most highly oxidized, followed by JPTS, hexadecane with DPDS, while POSF-2827 fuel
showed the least oxidation. This may be the strongest evidence yet to support the notion

that the role of oxygen in solid formation is not the primary cause of increased deposit
formation.

(c) Fourier Transform Infrared Spectroscopy (FTIR) Analysis: FTIR is a powerful tool
in detecting the o_)iidation of fuel by a linear relationship between the carbonyl (C = 0) peak
area at 1710 cm = and the cc/min of oxygen flow in a flask test at 185 C. A similar
reladonship was also found between C = 0 peak area and the Total Acid Number (TAN) of the
oxidized fuel. In the MCRT, the relationship between carbonyl absorbence and acid production
is not simple. This is due to the effect of additives in hindering oxidation, and then
driving products to ketones, alcohols, and aldehydes. Although the alcohols and aldehydes
may fuarther react to form acids, the ketones will not react further but will still contribate
to the carbonyl absorbtion. The higher test temperature of 250 C also contributes to the
difference in the oxidation products between a flask test and the MCRT.

Emphasis has been given to the analysis of solias. The characterization of solids is
accomplished as foliows: A KBL pellet can be made if sufficient sample (0.5 mg) is available
to grind into the salt. Scraping the glass vials is time consuming and messy and often
yields less than the required quantity; therefore a sonic disrupter using hot (90 C)
distilled water is used to effectively remove solids. The dislodged deposit is hot filtered
through a 1.2 pm silver membrane and dried briefly in a vacuum oven. Thus far most deposits
have easily been removed within several hours; however, future samples from higher
temperature tests may not lend themselves to this procedure.

The extent of oxidation of solids can be studied by the oxidation ratio method. Tests
on four fuel formuiations of varying thermal stability as measured by the amount of solids
produced in the MCRT, indicated that the ratio remains fairly constant. Also, there is a
consistent pattern in the composition of the deposits regardless of the presence of
additives. Since the additives did not significantly reduce the fuel’s deposition tendericy,
it follows that all went to essentially the same product, even if oxidation was hindered
during stressing. Eventually, deposit reducing additives will be necessary that do more than
simply inhibit oxidation.

(d) GPC Analysis: GPC separaics molecules according to their effective size in
solution. A column packing with pores of a particular average size allows molecules that are
too large to enter the pores to pass directly through the column, appearing first in the
chromatogram:. The small molecules permeate the pores, moving slowly through the column and
eluting accordiig to retention time, which is dependent on their relative size.
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Deposition or precipitation of solids and gums out of solution is intimately related to
the molecular weight of the products formed, as well as their polarity. Determination of the
molecular weight distribution of the fuels and subsequent thermal and oxidative degradation
products is an important area. This is because the high molecular weight compounds such as
dimers and polymers do not remain soluble in the fuel but rather "plate out" under certain
conditions related to temperatures, time, and flow. Unfortunately, only the molecular weight
of the stressed fuels and insoluble gums is measurable as the solids cannot be put into
solution. Data from the fuels and gums can provide information about the ability of
additives to interfere with reactions such as condensation polymerization, in which alcohols
react with carboxylic acid to produce esters and liberate water. A typical condensation
reaction is shown below.

’,/O , H+ P
- 4 R.
R C‘OH + ROHZS R QOR/+ H20
Carboxylic Acid  Alcohol Ester Water

Preliminary data shows differences between gum deposits from the POSF-2827 and JPTS
fuel formulations. These will be further quantified as soon as results for actual molecular
weight determination by vapor pressure osmometry are received,
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Figure 1: A simplified schematic diagram of the Mic:o Carbon Residue Tester (MCRT)
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Figure 9: Scanning Electron Microscope (SEM) photographs of the flaky devesits from the
POSF-2827 fuel.
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Figure 10: Insoluble gum deposits produced in the MCRT for the POSF-2827 fuels blended with
different additives.
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Figure 13: Thermo Gravimetric Analysis (TGA) of solid deposits from the MCRT cycling test of
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Table 1: Percentage composition of the MCRT samples measured by X-ray Photoelectron
Spectroscopy.  These measurements illustrate the differences in the oxidation

levels.
- C
Chemical Shift in eV
289.3 { 288.2 | 2868 2859 285 0 N Sl
Sample # 0C=0 ] C=0 | C-0 JC-C=0, C-N | CHn.C

Hexadecane + DPDS 4.1 6.1 | 164 8.3 38.1 2541 13
POSF - 2627 + 2761 24 62 | 215 56 31.2 24! 121 23
POSF - 2827 55 53 73 8.1 46.8 217115 15
JPTS 5.9 62 | 109 9.9 35.2 283] 1.2] 23
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Studies of Jet Thermal Stability in a Flowing System

S. P. HENEGHAN, C. R. MARTEL. T. F. WILLIAMS, and D. R. BALLAL

University of Dayton
Dayton, Ohio

Abstract

A flowing, single-pass heat exchanger test rig, with a fuel
capacity of 189 litres, has been developed to evaluate jet fuel ther-
mal stability. This so called, "Phoenix Rig" is capable of
supplying jet fucl to a 2.15 mm 1 2. tube at a pressurc up to 3.45
MPa, fuel temperature up 1o 90K, 1nd a fuel-tube Reynolds num-
ber in the range 300-11,000. Using this test rig, fuel thermal
stability {(carbon deposition rate), dissolved oxygen consumption,
and methane production were measurcd for three baseline jet fuels
and three fuels blended with additives. Such measurement were
performed under oxygen-saturation or oxygen-starved condiuons.

Tests with all of the blended fuel samples showed a notice-
able improvement in fuel thermal stability. Both  block
temperature and test duration increased the total carbon deposits 1n
a nonhinear fashion.  Interestingly, those fuels that need o fugher
thresbald temperature to force the consumption of oxygen cx
htwee:d wreater carbon depsits than those that consume oxygen at
a lower temiperature. These observations suggested a complicated
relationship between the formation of carbon deposits and the
temperature-driven consumption of oxygen. A simple analysis,
based on a bi-molccular reaction rate, comrectly accounted for the
shape of the oxygen consumption curve for various fuels. This
analysis yielded estimates of global bulk parameters of oxygen
consumption. The test ng yielded guantitauve results which will
be very useful in evaluating fuel additives, understanding the
chemustry of deposit fonnation, and eventually developing a global
chemistry model.

Nomenclature

A =pre-exponiental factor
E = acuvaton energy

IF} = fuel concentration

tyg  =funcuons

k.k™ = reaction rate constants

Presented al the Internationat Gar

Cok ~n 5()

This paner has bee- 27 _owd
Discussion ot it will be acceplec

[Q,] =oxygen concentration

R 7 =umversal gas constant

T = temperature

t = tme

T = fuel residence time

Abbreviations

AST™™ = American Society of Testing Materials
GC = Gas Chromatograph

JFA = Jet Fuel Additive

JFTOT = Jet Fuel Thermal Oxidative Teswer
i = Jet Propellant (Fuel)

TS = Jet Propellant Thermally Stable
MIIL. = Military Specifications

POSKE = Propulsion Directorate-Fuels Branch

Introduction

Commercial and mulitary jet aircratt use jet fuel as 1 hewr
sink or working fluid for heat management.  After absorbing heat
only a fraction of the fuel is consumed by the engines dnd the rest
is recycled to the storage tanks. Some aircraft require ram wr heat
exchangers to cool the recirculated fuel to acceptable fuel tank
temperatures because when jet fuel is heated above 420K, dis-
solved oxvgen reacts with fuel components to form gums and
insoluble precipitates. These gums and precipitates can foul heat
exchangers, burner feed arms, and fuel injectors.

In the future, the thennal management problems of adva e
aircraft, including the thermal oxidative instability problems as-
sociated with heated fuels, will become increasingly severe for the
followmy reasons.

(13 Continutng demiands for decreased tuel consumpuon will
resultin less tuel available for heat management.
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(2) Increased engine efficiency will be accomplished by
higher operating temperatures, further increasing the heat load on
the availablc fucl.

(3) Future aircraft will probably use powerful heat-
generating hydraulic systems to increass maneuverability and/or
decrease drag.

(4) The development of supersonic cruise capability will
result in higher airframe temperatures.

(5) Ram air coolers will be dispensed with because they are
both heavy and contrary to the development of efficient subsonic
aircraft and elso become ineffective at supersonic speeds.

(6 ‘The heat rejection rate of the avionics subsystems of
military aircraft has doubled every 10 to 20 years, and can be ex-
pected to continue to increase.

In response to these problems and following the recommen-
dations of the U.S. Air Force Thermal Management Working
Group (see Hamison, 1990). the Aero Propulsion and Power
Directorate of Wright Laboratories, Wright-Patterson Air Force
Base, Ohio, initiated a resecarch program aimed at increasing the
thermal stability (and thus the heat sink capacity) of jet fuels. A
primary objective of this program is to develop an additive
package that will increase the thermal stability of JP-8 by 60K. A
secondary, and a long-range goal, is to develop modelling tech-
niyues using globai parameters to evaluate the deposition of solids
in fuel system components (se¢ Reddy and Roguemore, 1990).

This paper discusses the development of a single-pass heat
exchanger system to cvaluate jet fuel additives and presents
numerous results on carbon deposition, oxygen consumption, and
methane production that are used for global modelling studies.

Experimental Work

1 Test Rig. The experimentai apparatus (known as the Phoenix
rig) is a single-pass fuel-flow system that heats the fuel in a stain-
less steel tube. Figure ! is a flow schematic diagram of the
Phoenix rig. A 189-litre preconditioning tank is equipped with a
gas sparging system. The sparging system consists of two Brooks
Model Number 5850E mass flow gas controllers and a Model
5876A indicator controller. This setup bubbles nitrogen/oxygen
mixtures through the test fuel 1o control the dissolved oxygen con-
tent and to remove the dissolved argon.

An American Lewa Model EK-1 variable stroke, positive
displacement diaphragm pump with a surge suppressor provides
fuel flow in the range 1 to 100 ml/min at a pressure of 3.45MPa.
To monitor the fuel flow rate independently, a Max Machinery
Mode! 213-310 positive displacement flowmeter is employed. A
manually set metering valve 1s located downstream of this flow-
meter. This valve provides a 965kPa pressure differential to
isolate the surge suppressor from the pressure fiuctuations
produced by the downstream control valve,
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Fig. 1: Schematic diagram of the Phoenix Rig: ( F-Filter, GC-
Gas Chromatograph, TC-Thermocouple, and PC-Pressure
Controller)

2 Test Section. The test section through which the fuel flows
is constructed of type 316 stainless steel tubing (560 mm long,
3.18 mm O.D., and 2.15 mm [.D.) heated by a copper block heater.
The copper block heater is 460 mm long with a 76-mm diameter.
It is capable of heating the test section to 770K in such a way that
the tube wall temperature profile remains constant during the ex-
periment. This type of heater produces an axia! fuel temperature
gradient in the test section. It should be noted that the fuel heater
used by Marterey and Spadaccini (1986) not only produces a tem-
perature gradient in the test section, but also a test section wall
temperature which increases with the time duration of the experi-
ment. A Sensotech type TJE diftferential pressure transgucer
measures the pressure drop across the test section. The fuel tubes
used in our tests have an interior surface finish of 0.380 10 0.635
pm (rms value) and are tested for hydrocarbon and particulate
deposits. The tubes are cut to size, cleaned using a Blue Gold
alkaline metal cleaning solution in an ultrasonic bath and then
rinsed with deivnized water.

Upstream of the fuel test section, a 0.5 um sintered stainiess
steel filter with a bypass valve and a second Sensotech type TIJE
differential pressure transducer are stalled. To maintain system
pressure at 2.48 MPa a Jordan MK708 6.35-mm pneumatic contro!
valve is used. The control valve is actuated by a Micristar conwol-
ler acting through a Fisher Model 546 I/P converter. A Sensotech
Type TIE pressure transducer provides the pressure signal to the
Micristar controller. Data are recorded using a Fluke model 24008
computer with a Model 1722A controller.

3 Gus Analyzer. We perform oxygen and methane analyses
using a Hewlett Packard (HP) 5641A gas chromatograph. It is
equipped with a three-member tandem separation column, a ther-
mal conductivity detector tor oxygen, and a flume ionization
detector for methane.  This combination is capable of detecting
oxygen concentrations as low as 150 pans per billion correspond-
ing to 7,500 counts. The sensitivity of this instrument to methane
has not been fully detenmined, but it is estimated to be significantly
more sensitive to methane than to oxygen, The in-line detection




system is capable of sumpling the fuet at the entrance to the heated
test secuion, and at the exit ot the heated section.  Full details con-
cerming the installation, construction, and calibrauon of the oxygen
analy zer form the subject of a forthcoming paper by Rubey et al.
(1992).

4 Carbon Deposition Test Procedure. The test fuel passes
through the tubular test section at a flow rate of 16 mi/min for 6,
12, or 24 hours. The test section is heawed by the copper bluck
heater. which is maintained at a predetermined temperature (544K,
573K, or 608K). At the conclusion of the test, the test section is
removed. drained. cut into 25-mm or 50-mm length segments,
rinsed with hexane, dried in a vacuum oven, and analyzed for carb-
on deposits on a Leco RC-412 multiphase carbon analyzer. This
method measures the amount of surface carbon deposit in the tube,
but does not measure other deposit constituents, such as oxygen,
hydrogen, sulfur, or trace metals. The amount of carbon deposit is
then compared to baseline test results.

| Temperature Measurements. A test section with welded
thermocouples is used to obtain the wall temperature profile.
Figure 2 shows typical mieasured tube wall temperatures. In this
figure the bulk fuel temperature profile was calculated using a
mode! developed by Reddy and Roquemore (1990). This model
uses inlet and outlet fuel temperatures, tube wall temperature
profile, fuel flow rate. and bulk fuel properties for calculauons. To
obtain reasonable agreement between the calculated and the
measured bulk fuel discharge temperature, the model assumes tur-
bulent pipe flow conditions, even through the Reynolds number of
the fuel entering the test section was less than 10C. The model also
predicts high radial tempcrature profiles. It is possible that
buoyancy effects caused by the high radi.! temperature gradient
may produce secondary flow patterns that cause turbulent flow
conditions. The measured output bulk tempera. 're indicates that
the flow is in the laminar-to-wrbulens transition state.

6 Oxygen Consumption/Methane Production. The fuel flow
rate is established at 16 ml/inin and the copper block heater tem-
p-rature is increased incrementally. The dissolved oxygen content.
meth e cetiten and -2mperatie ot the fuel are measured at the
enitaace woandd the eatt from the test section.  The dissolved
¢y boanct nethane coatents ot the heated fuel are then plotted vs.
the: measured output hulk temperature and compared to baschne
results. This test was performed to yield insights into the way fuel
additives work, and was used to calculate global chenustry
parameters for the oxygen coasumption.

7 Fuels Tested. Various baseline and blended jet fuels were
tested. The propenties of these fuels are identified in Tubles 1 and
2 respectively. The initial baseline fuel (POSF-2747) was a Jet A-
1 fuel procured from the Sun O1l Co. This hydroueated product is
also marketed as Super K-1 Kerosene.  In our laboratory. it fatls
ASTM D3241 (or JETOVT ) tests at a temperature of 605K, This
result was indicative of 1ty excellent thenmal oxidative stability.
Fuel POSF-2799 (JPTS). an Air Force Spec. fuel (ML -1--25524),
was tested. JPTS 15 a known thermally stable fuel which hopetully
will serve s a calibration standurd and thereby estabhish a goal that
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Fig. 2: Measured and cal-ulated wall and bulk temperatuies

along the tube length for laminar and turbulent flow condi-
tions.
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the fuel additive program woula like to achieve. Finally, a non-
hydrotreated fuel (POSF-2327) was acquired for analysis.
Together, these three fuels represent the baseline fuels.

New blends were made 10 test various additives using ti.e
baseline fuels. POSF-2814, was ceveloped by mixing POSF-2747
with 22.5 ppm DuPont DCI-4A corrosion inhibitor, 1.0 ppm ASA-
3 static dissipator, and (.15 percent by volume dicthylene glyce
monemethyl ether. These additives, when blendeu with Jet A-1,
prodiece JP-8. Ji-A-5 (the enly currently accepted thermal stability
additive package) was added to POSF-2827 in the concentranon of
12 mg/t (POSE-2827A) and 50 g/l (POSF-2827B).



Test Results

The carbon deposition test described above was used to
measure the deposition characteristics of the fuels. Figure 3 shows
a plot of the surface concentration of the deposit vs. the axial
lengta of the test section for various JP fuels using a copper block
temperature of 573K and test durations of 6 hours. Note that the
depusits increase along the lepgth of the test section untl a mixi-
mum is reachad, and then d=crease. It should also be noted that
while our JFTOT tests indicated a decrease in the fuel thermal
stability with the blending of additives 1o POSF-2747 (i.e., fuel
POSF-2814), the tlowing test here inJicates that POSF-2814 has
increased thernmal stability. As a matier of fact, tests with all the
biended fuel samples showed 2 notriceable improvement in fuel
thermal stabihliy.
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Fip. 3: Susface concentration of carbon deposits along the test
section (block tem.perature = 573K) for jet fuels during a six-
hour test.

The effects of block temperature on carbon deposition are
shown in Figure 4. The total deposit weipit measured in the test
section are plotted vs. copper block heater temperature.  As ex-
pecied carbon deposition increases with block temperature.  Test
duration also proved to be important. As shown in Figure 3, carb-
on deposits increased by factors of 2.2 to 5.8 when the test duration
was doubled to 12 hours. Futther the deposits increased by a fuc-
tor between 22 and 37 when the test duration was quadrupled to 24
hours.

The oxygen consumption and methane production curves for
the three baseline fuels are shown in Figure 6. The oxygen and
methane concentrations were measured by the nember of counts at
the detector. The gas concentrations ‘corresponding to relative
areas) presented in Figures 6-8 and 10 were all normalized 10 the
satur%ted oxygen level of 50 ppm (estimated) corresponding 10
3x10" counts, Methane detection is significantly more sensitive
than oxygen detection, aud 1 1s estimated to be less than 25 ppm
all tinies. The results of Figure 6 suggest that at low bulk fusl tem-
peratures, the oxygen and methane concentrations remain constant
(oxygen at sawration level and methane at ) ppm).  As the tem-
perature is increased the oxygen concentration drops suddenly.
Two fuels (POSF-2747 and POSF-2799, exhibited a drop of over
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Fig. 6: Oxygen concentration and methane production vs. butk
fuel tcmperature for baseline jet fuels.

90 percent in the concentration of dissolved oxygen within a range
of about 40K change in the bulk fuel wemperature. The third fuel
(POSF-2827) showed a slow but measurable decrease in oxygen
Jevel over a wider temperature range. To preserve clarity in Figure
6. results for the tuel POSF-2814 are not shown. However. it was
found that presence of the additives had a minimal effect on the
oxygen consumption trends. The onset of methane production oc-
curs al 4 temperature that is very close to the bulk temperature at
which there is a significant decrease of oxygen content. Tests of
the fuels with nitrogen sparging showed a strong correlation be-
tween the iniual oxypen concentration and the production of
methane at 573K block temperature.




As shown in Figure 7, at this temperature, the available
uxygen is consumed to below the detectable limit of the HP 5641A
«5C and the methane production rate decreases with a decrease in
the initial oxygen concentration.

Additives were tested in the Phoenix rig by measuring the
oxygen consumption/methane production trends, and also by
measuring the carbon deposition for 6- and 12-hour tests. Figures
8 and 9 show the results of these tests. While JFA-5 acted to
decrease the deposits in the test section, a 2-pm sintered metal fil-
ter located downstream (see Figure 1) exhibited significantly
increased plugging as measured by the pressure drop across the fil-
ter.  This observation was made at a temperature of 400K at the
filter. Currently, testing continues to evaluate additives of four
major varieties; anti-oxidants, dispersants, detergents, and metal
deactivators,

Discussion

The carbon deposition trends observed for the four fuels
(Figure 3) were not surprising. The best thermally stable fuel in
the JFTOT tests was JPTS. while it was POSF-2814 in the Phoenix
rig. The worst fuel thermal stability in either test was exhibited by
POSF-2827. Fuel POSF-2827 contains 1000 ppm hetero-atoms
(namely sulfur) and these atoms are known to form deposits when
the fuel is oxidized. Fuel POSF-2747 was expected to exhibit
good thermal stability because it is a strongly hydrotreated fuel. It
has a narrow boiling range and less than 50 ppm hetero-atoms
(ASTM D3227 sensitivity). Therefore, it is not surprising that it
exhibited a JFTOT breakpoint temperature higher than POSF-
2827.

In Figure 5, a decrease in deposition for fuel POSF-2814 ver-
sus fuel POSF-2747 was observed. It is hard 1o account for this
improvement in thermal stability upon the addition of the static dis-
sipator, anti-icing additive, and corrosion inhibitor. In fact, several
other systems including the JFTOT test, microcarbon residue test,
microthermal precivitation test, hot liquid process simulator test
{see Pearce 2t al 1992), and a multipass heat exchanger (sce
Lefrpvre et ). 1992) indicated the contrary. Thus, the most sig-
nificant coac:usion is that several different tests which may yield
conflicung results, are needed to evaluate the effects of given addi-
tives on the thermal stability of a fuel.

Our other observations on the baseline fuels appear to be
consistent with the observations of previous researchers. For ex-
ample, the increase in carbon deposits with increasing block
temperature, the decrease in deposits with decreasing oxygen, and
the nonlinear increase in carbon deposit with test duration are con-
sistent with the resuits obtained by Giovanetti and Szetela (1986).
In general, theie obscrvations indicate that carbon deposit forma-
tion is stimulated by the temperature-driven absorption of oxygen,
and catalyzed by itself.

As illustrated in Figure 9, JFA-S also exhibited a sigmticant
ability to decrease deposits. JFA-5 is an additive that includes an
amine-type antioxidant, a dispersant, and a metal deacuvator.
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Fig. 9: Effect of fuel additives on the carbon depusition along
the tube length,

The decrease in carbon deposit for fuel POSF-2827A was nearly
by a factor of two. Fuel POSF-2827B showed a significant
decrease agamn, indicating that JFA-S can be effecuve at concentra-
tions above that spectfied in MIL T-25524. However, the causes
and implications of the increased plugging of the downtstream fil-
ter are curtently under investigation.




Figure 10 shows the depletion of oxygen vs. temperature for
fuels POSF-2747 and POSF-2827. In these oxygen depletion
measurements, several interesting observations can be made.
These observations are best explained by a simple analysiz based
on the following assumptions:

(a) For a turbulent flow, the radial fuel temperature profile is
flat.

(b) The fuel temperature increases linearly along the tube
length. This assump.ion is an approximation of the cal-
culated heating curve in Figure 2.

(c) The consu:nption of uxygen in the tuel is tregted as a bi-
melecutar reaction, e,

d[Ozl/dt =- k‘[02| [FL.

1d) [F]>>]O.} so that k'[F}! can be approximated by the
psuzdo f%rst-ordcr rate constant k = Lk [F).

(¢) The rate constant for the consuripiion of oxygen can be
wreated as an Amrhenius-type reaction rafe constant,

k = A exp(-E/RT)
() The chemistry pathway is independent of the temperature.

Bascd on these assurrptions, we can evaluate the rate of
oxygen disappearance. or the concentration of oxysen with time as
foilows;

I O2 +F - product (H
then d[OZI/dl = k™[O, [F) ard

leZI/di = K IO2l where k = k'[F)
or d102]/[()2] =-kdt {2)

Since k = f(T) and T = g(1), Equation (2) cannot be integrated
easily. Hence we assume thai

T=300+ (T,

- 300 T = -3
final YT or &T (Tfinal AWyt

Then, Equation (2) integraies to a form
T

. tinal
T 0 E/RT
T.,nm 30/t J.m” A exp (-E/RTT. (J)

n{[O 2]0} =Ty

L1, 10

There is no closed form solution to Equation (3) and there-
fore, a MathCad program (developed by Mathsoft Inc.) was used
for integration. As shown in Figure 10, we can predict, fairly ac-
curately, the oxygen depletion from fuc),s7 P():Sl}-'-;z747 l;gnd l_’(I)SF,
2827 using pre-expenentiad values of 107 sec and 10 sec Land
activation energies of 57 keai/mole and 35.5 keal, mole in Eguation
(3), respectively.
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Fig. 10: A compartson of measured and calouiited values fur
the oxygen consumption in the POSF-2747 and POSE-2827
fuels.

These measnred pre-eaponential factors are significantly
higher than those cxpected from theory. A liquid-phas»:ud‘i'ffusiorp
lunited bimolecular pre-exponential is normally about 10 ™ Um-sec
or less. The measure 5pre-expom:nxiul should theretore be lass
than the product of 10”7 Vmole-sec and the fuel concertraton of
about 3 moles/l. However, jet fuel 1s not constituted of only one
compound, and moreover we have measured the global oxygen
consumpuon Arrhenius parameters. {t remains to be seen if these
measur.d global parameters can be somchow incorporated into the
global models of fuel behavior,

Another interesting nbscrvations is txat the fuel POSF-2827
which exhibits the highest emperature for oxygen consumption
alse produces the largest amount of carbon deposit. This observa-
tion implies that forming carbon deposits and inmbitng some
types of molecules are responsibie for oxygen coasurmption in a jet
fuel. Most probably these molccules are the heiero-atom (sulfur;
compounds.  Fuel PO3F-2827, which is not hydrotreated. should
have niore of these compounds than the fucl POSF-2747. Finally,
there s a difference between the present results and the data of
Chovanetti and Szetela (1986). Our results show that the oxygen is
nearly completely consumed at a temperatvre of S00K: while
Giovanett und Szetela (1986) repori that approximately 40 percent
of the original oxypen temains at fuel temperatures as high as
585K.  As yet, our uttempts 10 account for this discrepancy have
not been successful.

In Figure 8, we observe that the thermally stable fucl:"
produce more methane than the unstable fucl. Zabarnick (1992)
has shown that this productior: of methane gives additional clues to
the chenucal mechanising occuring i the hedted wie section.
Methane production almost certainly arises from the presence of
methyl radicals in the sysiem. Methyl radicals initially appear at or
near the temperature at which methane first appears because these
radicals react extremely quickly with oxygen to produce methy!
peroxide radicals. Only after the oxygen depletior can ihe ubstrac-
tion reacnon to form methape be observed.  The abstraction
reaction is slower than the recombination reacuon with oxygen
despite the {act thai methane fonnauon 1s an exothenmic reacuon,
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This is because, even at 473K, the acuvaton energy associated
with H-abstraction by methyl of about 6 kcal/mole. slows the reac-
ton dowit by almost three orders of magmitude. This analysis
indicates that the stable fuels produce methyl radicals at lower tem
peratures, and that these radicals are important in the subsequent
consumpuon of oxygen

In the future, it will be interesting 10 stuldy the oxygen and
methane behavior for fuel addiives to detenmne if the observed
trends of oxygen, methane, and deposits contnue. So tar, these
tremds clearly suggest that the consumption of oaygen at lower
temperature and the more rapid production of methane indicate
tewer deposiis on the st secuon walls.

Conclusions

A single-pass flowing heat exchanger facility (Phoenix rig)
was designed to test the carbon deposit forming eadencies of jet
fuels in tlowing wystems. Three samples cuch of baseline JP fuels
and JP tuels blended with the additives package were tested. The
results, some of which were in qualitative agreement with those of
other rescarchers, proved the design and usefulness of the Phaoenix
ng  Accordingly, measurements of carbon deposits. oxygen deple-
von. and methane production were performed tor a variety of test
conditions and the following conclusions emerged.

(1) Tesats with all the blended fuel samples showed a nouce-
able improvement n fuel thermal stability.

(2) Both biock temperature and test duration increased the to-
tal carbon deposits tn a nonlinear tastuo:.

13) Above a threshold bulk temperature of 450K, the fucl-
dissolved oxygen coucentration dropped saddenly and
the onset of methane procuction was trggered.  With
nirogen sparging. the methane production was greatly
reduced. These observauons suggest a comphcated
relationship between the formation of carbon deposits
and the temperature-dniven consumption of oxy gen.

(347 A aimpie gmlyus, haeed en g beme ecular reacuon rate,
vorrecty accounted for the fuel dissolved oxygen con-
sumption rate  Such an approach proves the seasihility

ot geveloping a more ngorous model based on global

kinetie purameters

Acknowledgement

This research was supportzd by the U'S. Air Force Wnight
Laborwtory, Aero Propulsion and Power Directarate. Wright-
Pattersun Air Force Base. Ohin, under Contract F33015-87-C7. 2767
with Dr. W. M. Roquemore serving as Technical Momitor

References

Grovanett, A Joand Seetela, £ J. 1986, “Long Term Deposit
Fonnavon v Aviatton Turbine Fuels at Elevated Temperature.”
AlAA Paper 86-0525, 24th Acrospace Sciences Meeung, Reno,
NV,

Harmison 11, W E. 1990, "Aarcratt Thermal Management: Report
of the Joint WRDC/ASD Aurcraft Thermal Management Working
Group.” Report No_ TR-90-202 [, Wright-Patterson Air Force Base,
OH.

Lefebvre, A, H., Chin, J.. and Sun. F. 1992, "Expenmental
Techniques for the Assessment of Fuzl Thermal Stability.” A/AA
Paper 92-0085, 30th Acrospace Sciences Meeting, Reno, NV.

Marteney, P. J. and S3padaccini. L. J., 1986, “Thermal
Decomposition of Aircraft Fuel,” Journal of Engineering for Guas
Turbine and Power Vol. 108, pp. 648-654.

Pearce, J. A., Harrison I, W. E., Anderson, S. D.. Edwards. J. T.,
Byrd, R. J., Heneghan, S. P., Mantel C. R., Williams, T. F.. Biddle.
T. B., and Edwards, W. H., 1992, "Advianced Thermally Stable Jet
Fuels Development,” To be published in Aviation Fuels: Thermal
Stabilitv Requirements, ASTM S$TP-1138, (Edts: Perry W. Kirklin
and Peter David) American Socicty of Testing and Materials,
Philadelphia, PA.

Reddy. K. V. and Roquemore, W. M., 1990, "A Time Dependent
Model with Global Chemistry for Decomposition and Deposition
of Aircraft Fuels.” Paper 90-14, Symposium on the Stability and
Ouxidation Chemistry of The Middle Distillute Fuels, Augusy,
American Chemical Society, Wachington, D.C.

Rubey, W. A., Tissancher. M. D., Striebich, R. £, and Tirey, D.
A, 1992, “In-Line Gas Chromatographic Measurement of Trace
Oxygen and Other Dissolved Gases in Flowing High Pressure
Thermally Stressed Jet Fuel.” Paper to be presented at the
Symposium an Structure of let Fuels, American Chemical Society.
April, San Francisce. CA.

Zabarnickh, § . 1992, " A Posable Mechamsm for the Production of
Methane in Thermally Stressed Fuels,” To be published.




APPENDIX D

OXIDATION OF JET FUELS AND THE FORMATION OF DEPOSITS

by

Shawn P. Heneghan and Steven Zabarnick
Uuiversity of Dayton, Dayton, Ohio

A Paper Submitted to Fuels, May 1992,




Abstract

Jet fuels and jet fuel surrogate have been thermally stressed to simulate the
time/temperature history of aircraft fuel-handling systems. The resulting fuels, soluble
products, and insoluble products have been analyzed. The results of these tests are
shown to be incompatible with previous mechanisms concerning the source oi deposit
precursors.

In general, two important dependencies on oxygen have been found. First, in
agreement with previous research, the amount of deposit formed decreases significantly
if oxygen is removed from the fuel prior to heat stressing. Second, fuels which oxidize
easily are likely to be more stable (as measured by deposits). We also present new
evidence to support the free-radical mechanisms of oxidation and deposit formation in
coutrast 10 proposed ionic mechanisms of oxidation,

A general theory of oxidation of hydrocarbons has been incorporated to account
for the observed oxygen dependencies. This theory is a free-radical, autoxidation, chain
mechanism. The presence of naturally occurring antioxidant molecules is proposed to
play an important role in both inhibiting the oxidation of the fuel and forming deposit
precursors. Some properties (concentration, reactivity) of these antioxidant molecules
are discussed and the implications of the theory are presented.

Abbreviations
ASTM  American Society for Testing and Materials
BDE Bond Dissociation Energy
DCD Dielectric Constant Detection
DMP  Dimethylpyrrole
DSC Differential Scanning Calorimetry
ETIO  Electron Transfer Initiated Oxidation
FTIR Fourier Transform Infrared
GCAED Gas Chromatography with Atomic Emission Detection
HPLC  High Pressure Liquid Chromatography
JFTOT Jet Fuel Thermal Oxidation Tester
JFA-5  Thermal stability additive package
JP Jet Propellant (fuel)
JP-88  Surrogate JP-8 Fuel
JPIiS Jet Propellant Thermally Stable
O-FID  Oxygen - Flame Ionization Detcction

Intreducton

It has long been known that oxygen consumption is ar important first step in the
formation of deposits in jet fuels. 17 Many mechanisms have been proposed to account
for deposit formation. Most of the mechanisms start with the autoxidation chain cycle,
and assume the products of the oxidation initiate the formation of deposits.

Bol'shakov! stated that condensation reactions of pcrmiides and other oxidized
products are responsible for solid formaton. Clark and Smith< define the initial stage of
deposit formation as oxidation via a free-radical chain mechanism and the second stage
as the reaction of trace compounds with the oxidation producis. Hazlett? proposes that
hydroperoxides are precursors to deposits. He attributes the cause of deposits to the
alkoxy free radical that forms from the decomposition of hydroperoxides.
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The general consensus of what was known about the chemistry and physics of jet-
fuel thermal-oxidative stability was summarized by Baker et al.4 based on the results of a !
NASA workshop held in 19788, The six key points are: ;

1. The initial process is a reaction involving both oxygen and fuel.

z. Tne chemistry involved is primarily free-radical.

3. Deposit formation is dependent on temperature, fuel flow, dissolved
metals, and dissolved oxygen.

4. Deposits form in liquid and vapor phases. Simultaneous occurrence of
both phases enhances deposit formation,

3. Metals can have a significant effect on the deposit formation.

6. The amount of dissolved oxygen is important; removal of oxygen

generally reduces the amount of deposit formed significantly.

Since ail of the reported research has demonstrated the importance of oxygen to
the deposition process, there is a general agreement that peroxides, alcohols, ketones, and
acids are precursors to solid formation and that fuels oxidize to form gums which, in turn
polymerize and condense to form solids. Although several researchers> have noted that
there is not a direct correlation between the oxidation of fuels and the formation of
deposits, many groups have followed the deposition process by monitoring the
appearance of oxidation products9'15.

Recent reports on deposit formagoix u} geﬁuels (in both flowing and static tests),
combined with oxidation measurements?-12,16-21 have questioned the above time-
honored mechanisms. In this paper, we review the current research. The review is
divided into two sections. The first discusses stability measurements based on deposit
formation (referred to as thermal stability) while the second uses a measure of the ability
to oxidize (referred to as oxidative stability). A theoretical analysis employing standard
chain reactions for autoxidation and radical trapping is then developed and the relation
between reactivity and concentration of antioxidant molecules is calculated. The
discussion section is divided also into two parts; the mechanism for deposit formation
and the mechanism for oxidation. Concerning deposit formation, we show that previous
models of the deposit formation are inadequate in that they do not predict the observed
oxygen dependence of both the thermal and oxidative stability. In the oxygen
consumption discussion we show how the antioxidant mechanism presented here can
account for the observed oxygen dependencies in not only the recent work but also many
previous results. Then, with one assumption concerning the source of the deposit
molecules, we show how this mechanism can be used to account for the formation of
deposits. The implications of the analysis are then presented. A summary of the
antioxidant mechanism can be found at the end of the article.

Review of Recent Experiments

Many different apparatuses9'12’17 +18,21 have been used to evaluate the thermal
stability® of jet fuels. and several techniques have been used to measure their oxidative

* In this article, thermal stability will be used to refer to the stability of fuel as measured by the tendency
to form deposits. This is distinct from the oxidative stability which is measured by the ability to oxidize
and form peroxides, ketones, alcohols, and acids.
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stability?-12,19,20 The experimenial details and actual results of the individual
measurements are detailed elsewhere; therefore, only a bricf compilation of the important
results is presented here.

Most of these recent results were obtained using three distinct fuels. The fuels
and some of their properties are listed in Table 1. F-2747 is a highly hydrotreated Jet A-
1 fuel, while F-2799 is an Air Force specification fuel, jet propellant thermally stable
(JPTS), which has good thermal stability characteristics. Fuel F-2827 is a
nonhydrotreated Jet A fuel, with a broader boiling range and increased heteroatom
concentration. It is expecied that this fuel will exhibit lower thermal stability than F-
2747 and F-2799.

In addition to the large number of experiments that used the three fuels in Table
1, tw? sets of experiments were conducted to study more diverse sets of fuels. Heneghan
et al. 11 studied the base fuels plus three JP-8 fuels, a JP-7 fuel, and a surrogate JP-8 fuel
(JP-8S). Using a Fouricr transform infrared (FTIR) spectroscopic probe, they measured
the concentration of alcohols and ketones to estimate the amount of oxidation, and also
made a gravimeirzic determination of the amouné of filterable solids. Hardy et al. stadied
F-2747, F-282744, and 13 additional JP-5 fuels”. They mcasured the amount of deposit
by weighing a metal strip from a flowing system, and used a separate measurement to
determine the "peroxide potential." The "peroxide potential” is the sum of the peroxide
numbers determined by titration after 24, 48, 72, and 96 hours.

Thermal Stability of Base Fuels

The expected relative thermal stability of the basc fuels, in order from most to
least stable, is F-2799, F-2747,and F-2827. This expectation is based on the heteroatom
concentration, boiling range, past experience with hydrotreated fuels, and the fact that F-
2799 is a special, thermally stable fuel that includes a thermal stability additive package
(JEA-5). The ordering of thermal stability was verified by the JFTOT breakpoint (Table
1). JFTOT breakpoint values were verified by Biddle!12. The relative thermal stability
of these three fuels ha.i)also been established in several flowing systems including single-
pass heat ef(changers1 , multipass heat exchan%grsn, the hot liquid process
simulators12, a &nicrothermal precipitation test' <, a gravimetric denennir}.ation ina
flowing system~, and a vaporization d}eposition test at hi%h temperatures? 1. Static tests,
such as a microcarbon residue tester23 and flask tests1 113, have also been used to study
the relative thermal stability of the three fuels. The flowing and static tests agree well
with the JFTOT breakpoint in indicating that the thermal stability of the haseline fuels
decreases in the expected order (F-2799>F-2747>F-2827). A summary of these
measurements is given in Table 2. Note that the appearance of less deposit indicates
greater thermal stability, as does a higher breakpoint temperature.

Oxidative Stability of Base Fuels

Originally, we believed!3 the more thermally stable fuels would oxidize less
easii . The first indication that this supposition was not accurate came from the Phoenix
Rig'Y. Using a dissolved-oxygen analyz.er1 a plot of the bulk-fuel temperature versus
dissolved-oxygen concentration showed an inverse order of oxidation temperature versus
thermal stability (Figure 1). The shape of the curves was accounted for by assuming a
first-order oxygen dependence, Arrhenius behavior of the rate constant, and a linear
heating rate of the fuel through the test section. The appearance of methane is also
shown in Figure 1, Methane appears at approximately the same temperature as oxygen
disappears. As will be shown later, it lends strong support to the theory that fres radicals
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are involved in the deposition/oxygen-consumption process. A lower temperature {or the
disappearance of dissolved oxygen indicates a more casily oxidized fuel.

The observation that the more thermally stable fuels (F-2799 and F-2747) were
more easily oxidized was verified in flask tests at 180C with bubbling oxygen. The
relative amounts of oxidative products were measured using FTIR, gas chromatography
using atomic emission detection and oxygen-flame ionization detection, high pressure
liquid chromiit%raphy using dielectric constant detection and gravimetric
techniques.1 13 The availability of oxygen was found to significantly increase the
amount of deposit from F-2747. However, most {>98%) of these deposits were soluble

v in acetone or methanol. If only those deposits which are insoluble in hexane and acetone
or methanol were considered, then the relative ranking of thermal stability is independent
of oxygen availability. These additional deposit materials also proved to be rich in
OXVEein, winiC those deposits made in F-§827 showed almost no absorption in the

:ax ooty stretch region of the infra-red13. This was taken as further evidence that the
thermally stable fuels reacted easily with oxygen.

The amount of oxidation was also studied in three additional, separate static tests.
First, in a flask test, the fuels were heated (175C) in a flask under bubbling oxygen for
two hours. The three test fuels were studied by FTIR1! to determine the concentration
of ketones, alcohols, and acids. Second, two of the baseline fuels were studied in an
accelerated storage stability test at 100C and oxygen-over-pressure of 3.4 atm.?, In this
test the peroxide potential of the fuel is measured. Third, the total acid number23 was
determined after the fuels were heated under bubbling air at 180C for five hours. Since
these techniques measure the appearance of . xidized products, larger numbers indicate
more oxidation.

Differential scanning calorimetry (DSC)12 was used to determine the onset
terperature for the oxidation exotherm. The Phoenix rig also measures the temperature
at which these fuels consume oxygen. The oxygen consumption curve for the Phoenix
rig is shown in Figure 1. These two tests heat the fuels at different rates; therefore the
tcmperatures are not expected to be the same for the two tests. However, the trend for
the baseline fuels should be the same. The DSC technique and the Phoenix rig should
give lower temperatures for fuels which are more easily oxidized.

Finally, a cyclic voltammetry technique20 was used to evaluate the appearance of
oxidation products in flask tests. These tests all showed that the hydrotreated fuels
oxidized at lower temperatures or to a greater extent than the nonhydrotreated fuel (F-
2827). Some discrepancies in the oxidation of F-2799 may be due to the relative
effectiveness of antioxidants in JPTS, and the hydrotreated F-2747. The results, to the
extent they are quantitative and can be tabulated, are summarized in Table 3.

These recent experiments clearly show that the thermal stability order of the three

- baseline fuels (in decreasing order of stability) is F-2799, F-2747, F-2827. This ordering
has been established by seven quantitative techniques. The two technique which deviate
from this ordering show F-2747 only slightly better than F-2799. All of the techniques
agree that F-2827 is the least thermally stable. Conversely, these same fuels show an
inverse order to oxidative stability. The oxidative-stability order has been demonstrated
by four quantitative techniques. Again, one measurement has F-2747 more casily
oxidized than F-2799. All five techniques show that F-2827 is the most oxidatively
stable.

“Just as clearly as the three baseline fuels show an inverse relation between
oxidative and thermal stability, three fuels do not represent the entire range of fuels.
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Hardy9 measured the peroxide potential and the gravimetric JFTOT deposits for '3 JP-5
fuels as well as iwo of the baseline fuels22. The tesults for this set of 15 fuels arc shown
in Figure 2. Heneghan et al.11 studied seven fuels (including a JP-7, two JP-8's, and JP-
8S); their results are shown in Figure 3. Two fucls scem to digress from the inverse
relation: F-2799 (the fuel which gave the least deposit) and JP-8S (the fuel which gave
the most deposit). However, as noted previously the discrepancies may be due to the
relative effectiveness of antioxidants added to JPTS, JP-7 and F-2747, or the dispersant
and metal deactivator which are part of the thermal stability additive package (JFA-S) in
JPTS. Also, JP-8S is not really a fuel; therefore, its comparison herc may not be totally
appropriatc.

Despite some small disciepancies, the data show a clear trend. As expected, the
hydrotreated fuels (F-2799 and F-2747) are significanly more thermally stable than F-
2827 when the deposition tendency of the fuels is considered the stability criterion.
However, the trend is strong and uncxpectedly reversed when measuring oxidative
stability. As shown in Figures 2 and 3, the inverse relationship between the oxidative
and thermal stability holds for a large number of fuels.

Theoretical Discussion

A detailed look at the mechanism of chain-breaking antioxidants can provide an
interesting view of the structure of jet fuels. It also accounts for the apparent anomaly in
the above set of experimental data:

An 1averted relation exists between the stability as
measued by oxidation and by deposit formation.

A review of the theo:y of oxidation and antioxidants will help explain some previous
kinetic data and przs:nt a new idea concerning the source of the deposit. The individual
reactions are listed nere in the theoretical discussion, and summarized again after the
conclusion. The mechanism for oxidation has been kept as simple as possible in order to
convey the concept of how some molecules could act as antioxidants. The actual
mechanism for autoxidation, includirg possible intitiation sources and back reactions, is
significantly more complicated.

Consider how a chain-breaking mechanism works, starting with the basic
chemistry for the autoxidation chain reaction.24 First. consider a single compennd, RH,

initiation Formation of R- (1)

propagation R+ 0y - ROy 2) R
ROz +RH — RO7H + R 3)

termination ROz + ROy — products 4)

Reaction (4), termination, has becn written as the recombination of ROy" rather than R
because Reaction (2) procec%s with no activation energy, while Reaction (3) has a
significant activation energy 3. Therefore, Reaction (3) is the slow step and RO»- is the
major radical species. A hydrocarbon is easily oxidized if Reaction (3} 5procccds with a
small activation energy. This requires a weak carbon-hydrogen bond.2
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The concentration of radicals can then be calculated (Egs. 1 and 2) by assuming
the rate of initiation (R;) equals the rate of termination (Ry). This is known as the Quasi
Steady State Hypothesis20.

R; = 2k4[RO2J2 = R, Eq. 1
[ROy'] = [Ri#(2kg)] Eq. 2

Using the concentration of RO»- from Equation 2, the rate of oxygen consumption(or RH
consumption), can be written from Reaction (3), assuming that Reaction (4) contributes
negligibly to the overall consumption process.

-d(02)/dt = -d(RH)/dt = k3[R0, [[RH]=K3[R;/(2k4)) " [RH] Eq. 3

Theirefore the peroxidation of hydrocarbons by the chain mechanism proceeds
without any dependence on thc oxygen concentration. This, of course, can only be true
for situations in which sufficient oxygen is available. In flowing tests, the amount of
oxygen available is limited to that which is dissolved in the fuel at the beginning of the
transit past the heated section (=50 gpm by weight27). Consequently, it should not be
surprising to find an oxygen dependence in these cases. Further, as the oxygen is
removed, ROy’ can no longer be the major radical. As we shall see later, the buildup of
R radicals is responsible for the appearance of methane in the Phoenix rig at the same
time/temperature that the oxygen is consumed.

Now we can add a chain-breaking antioxidant, AH, to this chain mechanism. The
antioxidant operates by the transfer Reaction (3t), thus removing the chain-carrying
radical, ROy’ from the autoxidation process.

ROy + AH — ROoH +A- Gy

To be effective, the new radical formed in (3t), A-, must not propagate the chain.
This is easily accomplished if Reaction (3t) is significantly exothermic, implying that the
AH bond strength is weak as compared to RI1. This prevents A- from regenerating the
R-radical and continuing the chain, however, It is also possible that some of the A-
radicals could combine with oxygen producing AOy- peroxy radical as in Reaction (2'). .,
In this case, Reaction (3t') must progres very slowly so that the chain-propagation B
(Reactions (2) and (3)) is effectively terminated by (3t).

A +0p — AOy ' 29
AOy +RH — AO7H +R° (31)

It is generally argued that the activation energy for hydrogen atom abstraction by
peroxy radicals (as in Reactiou (3t')) is dependent on the Carbon-Hydrogen bond sirength
in RH, and not on the stabiiity of the underlying radical of the peroxy radical, A-. This
would seem to indicate that the activation energy of Reaction (7 is not significantly
different than Reaction (3), and therefore the radical formed in . caction (2') wou'd then
be capable of regenerating the original chain.

There are three possible causes for reaction (3t') to be significanly slower than
Reation (2). The first is through steric hinderance which would lower the A-factor for the
reaction. The second, as postulate here is that there is stabilization accross the O-O bond
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for some radicals, and that the activation encrgy is increased, and the third is that there
may be a unimolecualr rearrangement of the AO»- radical after formation.

The radicals formed in Reactions (2') or (3t) are then consumed in the major
termination Reaction (4').

AOy + AOp - products
or 4)
A- + A — products s

It is Reaction (4'), and in particular the AQy- termination product that we propose
is the major oxidative pathway to the formation of insoluble products. The rational for
the selection of this reaction, and its implications will be discussed later in this article.

For Reaction (3t) to effectively terminate the chain reaction, it must
compste with Reaction (3) such that the rate of (3t) is approximately equal to or faster
than 73). That is,

k3 [RHJ[ROy'] < k3{AHI[RO,']. Eq. 4

Tc maintain the inequality of Equation 4, k34/k3 must exceed the ratio of [RHJ/| AH].
Assuming Arrhenius behavior of the rate constants and ignoring possible differences in
the preexponential, the concentration of AH required to act as an antioxidant for the
compound RII can be determined from the difference in the activation energies for (3)
and (3t) (Equation 5). For example, if the difference in E, is about 5.6 kcal/mole at
room temperatare, AH must be added at about 100 ppm (at room temperature).
Obviously, if the hydrogen atom in AH is more easily abstracted in (3t), an even smaller
concentration of AH can be effective,

10(Ea3-E23)/@ {‘—é—g—} where © = 2.3RT Eq. 5

One additional consideration is that AH can oxidize in its own chain to consume
oxygen as shown in Reactions (2') and (3").

propagation A"+ Op — AOyp )
AO3 + AH— AOH + A 3

However, analogous to Equation 3, Equation 6 shows that the rate of oxygen
consumption will decrease for ever-decreasing concentrations of AH.

-d(O2)/dt = -d(AH)/dt = k3 [AOy’']|AH]= 1<3|[Ri/('.7.k4-)]'5 [AH] Eq.6
Further, in a fully quenched system (one in which Reaction (3t) dominates (3)), the
disappearance of RH is equal to the initiation rate. Thg initiation rate in the preliminary
stages is dependent on both oxygen and hydroca.rbon2 (equation 7).

-d(RH)/dt = R; =k;[02](RH] Eq. 7
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This analysis shows that the addition of a small amount of an easily oxidized
material can interfere with the major chain autoxidation mechanism, transferring the
radical to a chain which may have faster rate constants, but significantly less
concentration. The result is that the rate of oxidation is decreased, despite the addition of
easily oxidized compounds.

We can conclude from this analysis that if our assumptions concerning the rate of
Reaction (3') are true then any molecule with a labile (easily removed) hydrogen can act
like an antioxidant, providing it has sufficient concentration so that (3t) competes with
(3), and yet has a sufficiently small concentration so that the autoxidation rate from
Equation 6 is less than the autoxidation rate from Equation 3. Interestingly, molecules
with labile hydrogens typically have less activation energy for Reaction (3) or (3"; thus,
they are more easily oxidized. This leads to the conclusion that adding a small amount of
easily oxidized material to alkanes will decrease the rate of oxygen consumption, not
increasc it.

It is also important to note that the oxidation of a hydrocarbon system can
proceed through a free-radical mechanism and yield 2 rate law which has either zero- or
first-order dependence on the oxygsg concentration. Other proposed radical mechanisms
show fractional-order dependences<”. It is unwise to try to infer mechanisms from rate
laws; however, rate laws can be derived from mechanisms, and an oxygen/nydrocarbon
system with a good antioxidant could easily exhibit first-order dependence on the
concentration of oxygen molecules for the formation of peroxides.

Discussion
Mechanism of Deposit Formation
Our observatigns have not disagreed with any previous observations, but rather

add to them. Hazlett? described three key criteria for deposit formation any proposed
mechanism must meet:

1 Dissolved oxygen initiates the process.

2. Heteroatom-containing molecules should play an important role.

3. Only a small amount of the fuel is involved in the deposit formaiion
process.

The proposed mechanism meets these criteria. As a result of our recent experiments, we
have added a fourth criterion:

4. The mechanism must account for the inverted relation between the ease of
oxidation and the formation of deposits.

Clark and Smith2 proposed a simplified two-step model. The first step is the
production of peroxides and other oxidized intermediate materials. In the second step,
these products reagt with sulfur- and nitrogen-containing compounds to form deposit
materials. Taylor® has proposed a mechanism in which the first step is the reaction of a
sulfur- and nitrogen- containing compound with dissolved oxygen. These reaction
products then oxidize further to form insoluble materials.

These two schemes differ only in that Taylor6 proposes oxidation in botb steps.
The Clark and Smith< mechanism implies that fuels which form more oxidized product
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in the first step would form more deposit material in the second step. This clearly differs
with our observations (Criterion 4). This is not necessarily the case in the Taylor
mechanism, since he does not rule out other oxidation pathways. However, the inverted
behavior of oxidation to deposit formation does not necessarily follow from his
mechanism.

Oxygen Consumption

The conclusion concerning the behavior of easily oxidized materials added to
alkanes can be used to explain many previous observations. In particular, it can be used
to explain the rate-law behavior of n gadecane oxidations, the apparent antioxidant 2
capability of dimethylpyrr Xle (DMP) and several other previously measured oxidation
rates for binary mixtures !

While studying DMP in n-dodecane, Beaver30 noted that the deposit formed
appeared to be oxidized DMP, while the rate law was first order in oxygen. He proposed
an electron transfer initiated oxidation (ETIO) mechanism to account for the
observations. The ETIO mechanism proposes tg;at DMP reacts with oxygen molccules.
The antioxidant capability observed by Reddy!? is explained by assuming the DMP is in
competition with n-dodecane for the limited amount of oxygen available in the flowing
JFTOT. Since the DMP is easily oxidized, it would preferentially acquire the oxygen
leave solution, and not be analyzed (only soluble oxidation products were analyzed)! 15,

If this were the case, the addition of DMP to n-dodecane would (a) increase the rate of
oxygen consumption, and (b) lower the temperature at which the oxygen reacted in the
JITOT test section,

Neither of the last two statements has been studied, but several similar cases
would indicate that neither is true. Hazlett® used a modified JFTOT to find the tube
temperature at which half the dissolved oxygen would react. None of the compounds he
added to n-dodecane caused the oxygen to be consumed at a decreased tube temperature,
while several (e.g., fluorene, indene, triphenylmethane) increased the consumption
temperature by 30 C or more. Mayo and Lan!4 measured the amount of oxygen
consumed versus time in n-dodecane oxidation. The addition of N-methylpyirole
resulted in a decrease in the amount of oxidation, not an increase. The test mcthod
employed by Mayo would not be deceived by oxidative deposit formation, since he
measured the disappearance of oxygen rather than the appearance of soluble oxidation
products.

The free-radical mechanism can account for the appearance of oxidized DMP, the
antioxidant characteristic of DMP, and the apparent first-order dependence on oxygen
molecules. There seems to be little evidence that the mechanisms are not free radical in
nature. Further evidence that the oxidation rcactions are free radical will be presented
later in the description of methane production.

The addition of a more easily oxidized compound to a less easily oxidized
compognd decreases the oxidation rate. This was seen by Russel in a cumene/tetralin
system Mayo and Lan ir an indene/n-dodecane system and N- methylgyrrole/n-
dodecan? , and Reddy, Cernansky, and Cohen in a DMP/n- dodecane. 15" Further, Mayo
and Lan!4 noted that the continuing increase in concentration of the easily oxidized

compounds resulted in steadily increasing oxidation rates until they finally surpassed that
of the original alkane. The theory of autoxidation presented here can account for each of
these observations.




A look at which compounds might be available in a fuel reveals something about
the origin of deposit materials. Table 4 shows possible molecules and the bond strength
of the weakest bonds. The bond strength of a normal alkane is also shown for
comparison. Recall that the ease of oxidation of a compound moves inverse to the bond
strength of the most weakly bound hydrogen. Following the proposed oxidation scheme,
each type of molecule listed could act as an antioxidaat if present in the correct quantity.
Each type of molecule is present in fuels--in only small quantities--and intcrestingly,
each has been implicated in the formation of deposits. If we consider that the precursor
to deposits is the AOy- radical, this mechanism explains our observation that easily
oxidized materials are inherently stable, while unstable materials are difficult to oxidize.
Further, the list is also rich in heteroatoms; this indicates that deposit material should be
rich in heteroatoms. Finally, the removal of oxygen would limit the formation of AO5-,
and thus limit the amount of deposit formed.

We propose that naturally occurring molecules in fuels which have weakly bound
hydrogens are responsible for the formation of deposits. However, while they arc
oxidizing to form deposits, they are acting as chain breaking antioxidants, thus slowing
down the overall rate of oxygen consumption. This dual action of these antioxidant
compounds is what yields the seemingly conflicting result that while oxygen is necessary
for the formation of deposits, the more difficult it is to oxidize a fuel the more stable it is
likely to be.

The proposed mechanism accounts for each of the three key facts put forth by
Hazlett:

1. If oxygen is removed from the system, Reaction (2') cannot proceed and the
precursors (AO2-) to the formation of deposits are eliminated.

. Since A- is formed from a molecule with a labile hydrogen (see table 4) it is
likely to be rich in heteroatoms as will the AO7- radical and the resulting
insoluble products.

. Only a small fraction of the total fuel molecules are oxidized, and only a
small fraction of those oxidized are terminated by reactions leading to
insoluble products.

This proposed mechanism, together with an understanding of the makeup of fuels
accounts for the observed fourth key fact.

4. The observed inverted behavior of oxidation versus deposit formation should
be expected, if not required.

Deposit formation does not follow oxidation; this has been observed and
commented on previously?-/ and, in fact, several of the concepts described herein have
been known. It has been noted that the presence of some heteroatoms is responsible for
increased deposit formatiogl and their removal increases both the thermal stability® and
susceptibility to oxidationd+33 of jet fuels. As early as 1963, it was recognized that
hydrotreating removed some of the natural antioxidants from jet fuels. Consequently.
antioxidant additives have been specified in UK and USA military specifications DERD-
2494 (1963) and MIL-T-5624 (modified 1976) for addition to hydrotreated fuels.




Mechanism for the Production of Methane

The free-radical nature of the chemical reactions is supported further by the
appearance of methane in the Phoenix rig. Methane is produced in the Phocnix rig at
temperatures near S00K (see Figure 1), and only when the oxyger is largely removed. It
is reasonablc to expect that methane is the result of methyl-radical production arising
from the unirolecular fission of larger alkyl radicals to form methyl and alkenes
(Reaction (5)).

R- — R'=CHj + CH3- Q)

where R'=CH3 is the resulting alkene, containing one less carbon than the original R-
radical.

This process is normally associated with short hydrocarbons. While there is a
dearth of these compounds in jet fuels, there is usually a significant quantity of -
compounds with short active hydrocarbons. The simplest source would be ethyl or propyl
benzene.

The appearance of methane only after significant diminishment of the oxygen
concentration is consistent with a free-radical mechanism as shown by the competing
reactions (Reactions (6) and (7)) and their respective rate equations (Eqs. 8 and 9).
Reaction (6) has the advantage of no activation energy and high preexponential.
However, 1t suffers from a small and decreasing concentration of oxygen. As the
concentration of oxygen decreases, Reaction (7) will dominate and methane will appear.

CH3- + 03 —» CH30y (6)
Re=-d[CH3-J/dt = Ag [CH3-1{02] Eq. 8
CH3- +RH— CHgq +R- (7)
R7= -d[CH3-J/dt = A7exp(-E7/RT) [CH3-][RH] Eq. 9

If we assume the preexponential values (Ag and A7) are nearly equal, and Reaction (6)
competes evenly with (7) (i.e.,, Rg = RE) at an oxygen concentration of 25 ppm and
temperature of 500K, we can evaluate Eq. 10 for Eg_

E7=-RT In ([O2}/|RH]) = 10.6 kcal/molc Eq. 10

This global activation energy is very reasonable for this type of reaction. For

comparison, if RH is ethane, the activation energy is expected to be 10.8 kcal/mole32

and larger alkanes would not be expected to show a significant change in activation

energy. This does not prove that methane is the result of free-radical reactions; however, -
it shows that the assumption of a free-radical mechanism is a reasonable and self-

consistent explanation which yields cxpected kinetic parameters.

Implications

Jet fuel oxidation results in the build up of peroxides, ketones, aldehydes,
alcohols, and acids from the autexidation cycle; sulfates, sulfones and nitrous compounds
from the inhibitors originally present; and alkenes from the decomposition of radicats.
Many of these oxidized compounds can, if present in sufficient quantity, inhibit fuel
oxidation. That is, fuels w'll exhibit a sclf-inhibition towards oxidation over time.
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However, the inability to oxidize is closely linked to the wendency to forra deposits.
Therefore, evaluation of jet fuel performance under accelerated conditions with excess
oxygen may yield results which are not indicative ot fuel quality.

The oxidative stability of a fuel is related to the availability of easily oxidized
compounds. Interestingly, the addition of a small amount of casily oxidized compound
will have an inhibiting effect on the overall oxidation ratc. However, if sufficient
quantities of the easily oxidized compound are available, the compound will help
stimulate oxidation. The production of solids is strongly and positively affected by the 5
presence of easily oxidized materials. A qualitative picture of the behavior of both
oxidizability and deposit formation is shown in Figure 4 for increasing amounts of easity
oxidized material in the fuel. Ease of oxidation decreases as concentration increases,
however, it must eventually increase, causing a minimum in the oxidaticn curve, Deposit
formation rate should steadily increase with increasing concentration. Now that the
region for jet fuels is shown where these two measures of stability move inverse to each
other. Identification of this region is empirical. Other types of fuel may not behave in
this manner because they may be in a different region of the graph (Figure 4). Also, we '
may yet test a jet fuel which does not fall in the indicated region.

The above implies that there is an ideal amount of antioxidant that should be
present in a jet fuel. Less than the ideal amount does not prevent oxidation, while too
much can induce deposit formation. The formulation of antioxidants for addition to fuels
should be based not only on their ability to act as antioxidants, but to ensure that the
termination products of the antioxidant radical are soluble rather than insoluble,

A fuel is not one compound, but rather it comprises a large variety of compounds
and chemical structures. It is the variety of chemical structures, and the resulting range
of hydrogen BDEs, not the range of boiling points, which are of interest, because
different structures will have H-atorns which are more or less accessible to the metaihesis
reactions (Reactions (3) and (3t)) important in the autoxidation chain propagation. In
general, regardless of the initiation step, the chain oxidation of RH will be iemiinated by
Reaction (3t) if there are molecules with H-atoms that can be ¢asily abstracted in
sufficient quantity (based on Eq. 4). However, the AH chain oxidation will continue
unless the AH concentration is insufficient to maintain a separate autoxidation cycle.

T Wea

Conclusion

Several fuels have been tested in a variety of differcnt test apparatuses 10
determine their relative stability. Dividing fuel stability into thermal stability (based on
the deposit forming tendency) and oxidative stability (based on the ability to oxidize and
form peroxides, ketones, alcohols, and acids) leads to the seemingly anomalous
statement: "Fuels that oxidize easily are likely to be thermally stable, while fuels that are
not thermally stable are not easily oxidized." This statement was found to hold.
independent of the fact that exygen reaction with fuel is a necessary first step for the
production of solid deposits.

A theoretical analysis of the autoxidation mechanism of hydrocarbons can
account for the obsew? oxygen dependencies as well as all the other needed cniteria for
the deposit mechanism>, if the peroxy radical of the antioxidant molecules are the
precursors to the deposxt formation. Analysis of the reactions also accounts for the
appearance of methane in the Phoenix rig 10, the previously surprising results of
additions of small amounts of casily oxidized com{ounds to alkanes causing a decrease
in the oxidation rate rather than an increase | and the observed first-order rate

75




dependence of oxygen uptake in doped-hydrocarbon systems30. All the daw are
consistent with a free radical-inhibited-autoxidation mechanism.

We believe the number of key facts, as described by Hazlett, for which a deposit
formation mechanism must account should be increased from three to four-- to include
the inverse rclation between oxidative stability and thermal stability.

Summary of Autoxidation Mechanism

Autoxidation Chain Mechanism of Alkanes

initiation Formation of R- - (0
propagation R + 07 5 ROy (2)

ROy +RH — ROH +R° ) ’
terrnination RO5" + ROy — products 4)

Chain Transfer Reactions
ROy + AH — RO + A (31
AO7 +Rii -» AOJH +R- (3t)

Autoxidation of AntiOxidants

propagation A +0y) — AOy 2"

AOy +AH -» AOpH + A (3"
termination AOy + AQp — products )
We propose that Recction (4") is the major production pathway of solid formation.
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Table 1 Properties of Daseline jet Fuels ]

ASTM™

Method F-2799 F-2747 F-2827
JFTOT*
Breakpoint (C) D3241 399 332 266
Sulfur Mass (%) D4294 0.0 0.0 0.1
Aromatics Vol. (%) D1319 ° 19 19
Existent Gum D381 0.4 0.0 0.0
(mg/100m1)

|_Flash Point (C) D93 49 59 50
American Society for Testing Materials
#Jet Fuel Thermal Oxidation Tester

Table 2. Results of Thermal Stakility Tests on the Three Baseline Fuels

—

E-2799 E-2747 F-2827 |
Phoenix Rig (ug Deposit)10 300 450 2800
Multipass Heat Exchanger 56 348 2250
(ngemZ/hr of Deposit)17
Hot Liquid Process Simulator 3 8 152
(mg/ere? of Deposit)12
Microthermal Precipitation 2818 4438 7162
(ug Deposit/S0 ind) 2
JFTOT Bres'point (C) 390 332 266
Total Insoludles i+ Cravimeuic not 2 .8
JFOT (prav /,C« measured
Microcarbox Xesidue Test 1 .10 46
(% Residue)23
Flask Test (mg)18 0 2 7
Vaporization Deposition {21 1183 875 4703
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Table 3. Results of Oxidative Stability Tests on the Three Baseline Fuels
F-2799 F-2747 F-2827

Peroxide Potential (ppm)” not measured 46 2
COnset of Oxidation Exotherm 189 198 206
from DSC (C)12
Temperature (C) for 1/2 Oxygen 185 190 215 *
Depletion in Phoenix Rig?
Total Acid Number23 3.54 2.27 0
Sum of Concentration of Alcohol, .6 1.8 .03 ’
Ketones, and Acids (moles/1)11

Table 4. Types of Molecules Available in Fuels and BDEs*
Type Bond BDE (kcal/mole)
Alkenes R=R-R—H 87
Substituted Benzene ¢o-C—H 80-85
Thiols R-S—H 85
Pyrroles ¢N- .—H 8085
Alkanes R—H 98 L )
*Bond Dissociation Energies ‘BDEs) are estimated using the methods described by Beagsond2:
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Figure 1. Dissolved oxygen and methane concentrations versus output bulk temperatuce
from a single tube heat exchanger. Input temperature = 30C, Input
concentration of Oxygen = 50 ppm. Residence time in heat exchanger = 6.3
seconds (from reference 10).
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Figure 4. Qualitative behavior of fuel oxidative and thermal stability with increasing
concentration of easily oxidized species.
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A Chemical Investigation of the Nature
of Jet Fuel Oxidation Deposits and the
Effect of Additives on Deposits

William DP. Schulz
Departement of Chemistry
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1. Summary _ﬂ'

We have extensively studied methods for isolation and
concentration for the analysis of =dditives in fuels. A -
preprint paper for the April, 1992 ACS meeting on this work
is included as appendix A. The method described is
applicable to nearly all antioxidants, common metal
deactivators, deicers and some dispersants. The method
development work was done with the previously developed 12
component surrogate fuel (JP-83).

The surrogate fuel was also used to investigate base
paramneters (oxygen flow, time vs. oxidized species and
insolubles} of the flask test. Quantitative analysis of
oxidized species in stressed fuel samples was done by FTIR.
This requires no sample preparation, is rapid and
reproducible but when upplied to real fuels, oxidation
product analysis and insoluble material formation give
dichotomous resulta. Fuels including the surrcgate, JP-7,
JP-TS and POSF 2747 produce increasing amounts of insoluble
material with increasing concentrations of oxidized species
Fuels such as POSF 2827 produce large amounts of insoluble
material with essentially no detectable concentration of
oxidation products.

Samples from the stressed surrogate fuel and insntable
depusile were investigated as method development and as a .
model to better understand the chemistry of deposit
Tormation., Information was extensive. Methanol extraction
of the stressed fuel, followed by hexane or petroleum ether
back extraction of the methanol solution, concentrated the
oxidation products and greatly reduced fuel component
interference for analysis by GC-MS. The wost abundant
oxidation products were these of the substituted aromatic
compounds and tetralin.

The fuel insoluble sediment that is formed by the
surrogate is essentially all acetone (or methanol) soluble,
regardless of the stress time. These deposits contain large
amounts of fuel componcnts that are very difficultl to remove
by washing, but can be eliminated by dissolving, extraction
and reprecipitation. Dried samples of treated material can
be redissolved in methanol or acetone but gas chromatography
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will not separate the components of Lhe solution. The broad,
large "hump" that results from attempted GC of the solution
suggests 8 continium of oligoemers. However, the dried
insoluble material can be thermally desorbed (at 280C) from a
"pyroprobe”" interface to the GC to give component separation.
Mass spectra of the chromatographic peaks from thermal
desorption of solids indicate 8 substantial number of alkenes
in addition to acid, alcohols and carbonyls found in fuel
soluble oxidation products. The presence of unsaturates, in
addition to the apparent decomposition below pyrolysis
temperature suggest that the deposits are bonded by peroxide
links, similar to those of drying oils, as well as other
wieaker attractive forces. The preprint paper for the April,
1992 ACS meeting describing the characterization of soluble
and residue oxidation products of the surrogate fuel is=s
attach:d as appendix B.

The marked difference in the oxidative behavior of real
fuels POSF 2747 and POSF 2827 and the success in the
characterization of oxidation products of the surrogate
suggested a comparison of the soluble and inscoluble products
formed by these fuels under flask test conditions. Stressed
POSF 2747 {the "oxidizable fuel”) was observed to form a
clear, more dense second liquid phase during oxidation, wkile
POSF 2827 did not. POSF 2747 slowly formed a brown adherent
viscous gum during oxidation while POSF 2827 formed a
flocculant brown precipitate quite rapidly. POSF 2747 is a
hydrotreated fuel with a fairly narrow boiling range. POSF
2827 bhas much wider boiling range and is not hydrotreated.
Extraction and G.C. of the identical (19%X) aromatic fractions
of these fuels indicates that POSF 2827 has aromatics that
extend to the di- and tri-substituted napthalene range while
POSF 2747 does not contain aromatics of higher molecuiar
weight than methylnapthalenes.

These fuels were stressed with the flask test modified
with a Dean-Staerk trap on the stress flask. POSF 2747
produced 2 phases of volatile components, a more dense phase
of highly polar compounds and a less dense phase of less
polar components. The volatile portion of POSF 2827 that was
trapped consisted of a single phase that proved to be non
oxidized components of the fuel. Bolh phases produced by
POSF 2747 con'ained carboxylic acid, alcohol and carbonyl
oxidation p-¢ iucta. Methanol extracts of the oxidized fuels
and the thermally desorbed products of deposits from both
fuels have been sepurated and characterized. The most
notable difference is that insoluble residue from POSF 2827
contains much higher concentrations of phenclic compounds,




2. Technical work

The overall objective of this work is a study of the
chemistry of fuel deposition. Tasks accomplished in this
study are the following:

2.1 Analysis of Additives

2.2 Oxidation Parameters with the Flask Test

2.3 Deposit Chemistry of a Surrogate Fuel

2.4 Deposit Chemistry of POSF 2747 and POSF 2827 Fuels -
2.1 Analysis of Additives

The paper attached as appendix A i8 a presentation of
the method development for analysis of additives. Real fuel
used to test the effect of additives must be additive free.
Anomolous behavior of a fuel during thermal stress may
promote suspicion that the fuel contains additives or an
additive in addition to those known to be in the fuel. The
methanol extraction - heptane back extraction described in
the experimental section of appendix A is applicable to
concentration and identification of a wide range of additives
from fuels. Aliphatic and aromatic amine and hindered phenol
antioxidants, amine or imine metal deactivators and alkoxy
ethanol deicers can all be isolated and analyzed by gas
chromatography-mass spectrometry. We have developed a
library of 70eV mass spectra for 30-40 such compounds on disc
for use at WL/POSF. Rxtraction and GC-MS will allow
identification of most additives, either by library nearch or
spectral interpretation. Antioxidants including 4,4’'-
Methylenebis-(2,6-di-tert-butylphenol)s (M.W. 425) have been
extracted and identified without interference.

Precise fquantitative analysis of an additive should be
ty the selected ion monitoring (SIM) wmode of the mass

rpectrometer. The compound is extracted and identificd Ly
vperating the M8 in the scan moude, then an appropriate
internal standard is8 sclected, added to the fuel and a .

quantitative extraction is done for SIM analysis.
2.2 Oxidation Parameters with the Flask Test

The flask test is intended as a highly accelerated model
for bulk fuel oxidation for the study of oxidation products
and processes of fuels. The most serious objection to the
use of the flask test for these purposes is that the
mechanism of oxidation can be oxygen concentration dependent.
The validity of using flowing oxygen for stress of the
surrogate fuel was investigated by stressing the surrogate
fuel at 175C with and without flowing oxygen. 100 mL.
sanples were contained in 250 ml.,, flesks. One sample was
saturated with oxygen for thirty sinutes prior to heating and
the oxygen flow stopped when heating was begun. The second
sample was purged with nitrogen until temperature was
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attained and then sparged with oxygen at 100 mL/min. for the
duration of the experiment. Ten ml. samples of the stressed
fuels were collected from the surrogate supplied with oxygen
at four and eight hours. Samples of the surrogate not
supplied with oxygen were collected at intervals when
discoloration indicated about the same extent of degradation
as when samples were collected from the oxygenated sample.
These intervals were; 22, 46 and 78 hours. The collected
samples were extracted with methanol and the methanol
extracts were back extracted with hexane, as per the method
described in appendix A. The extracts were then analyzed by
GC-MS. The results are shown in figures la and 1b., Figure
la is a comparison of a chromatogram of the surrogate fuel
stressed for 4 hours with flowing oxygen and a chromatogram
of surrogate stressed for 22 hours without flowing oxygen.
The chromatograus suggest that different oxidation products
are formed under the different conditions. However when
chromatograms of the surrogate stressed for 78 hours without
oxygen and 8 hours with flowing oxygen (figure 1b) are
corpared, they are essentially identical.

The flask test, with flowing oxygen, does represent =
valid and greatly accelerated method to observe thermal
oxidative chemistry and deposit formation for fuel which
behave similarly to the surrogate. From other experience,
pure organic compounds such as hexadecane, and the fuels JP-
TS, JP-7 and POSF 2747 (Sun Super K-1) behave very much like
the surrogate fuel. We have begun to apply the term
"oxidizable” for this class of fuels. They smoothly form a
wide variety of oxidation products and form a dark gum when
highly stressed. Essentially all of the gum is acetone
soluble. Other fuels, such as POSF 2827 or a blend of
hexadecane, methylnapthalene and tetralin, form deposits very
rapidly, without a great deal of oxygen uptake. The deposits
are crystalline, rather than gummy and substarntial amounts of
the deposits are acetone insoluble. These observations are
discussed in detail in section 2.4 of this report.

Oxidation of the surrogate fuel is dependent on
oxygen flow butf does not seewm to involve an induction period,
Figure 2 shows carbonyl and alcohol oxidation products vs.
oxygen flow., The sum of the products increases with
increased oxygen flow but the rate of increase drops at zsbout
75 mL/minute. The rate decrease is probably due to the
physical nature of the 0.54 mM capillary tube oxygen feed and
ig the result of surface area and rate of diffusion of the
oxygen.

2.3 Deposit Chemistry of a Surrogate JP-8 Fuel

Appendix B contains a discussion of the oxidation
chemistry of the surrcgate fuel, followed by the separation
and identification of oxidation producta from the surrogate
when subjected to thermal-oxidative stress by the flask test.
In early stages of oxidation, the predominant producta are




predictable. They result from the reaction of strained ring
systems (cyclooctane) and hydruogen alpha to an aromatic ring
{xylene, butylbenzene, tetramethylbenzene, tetralin and
wethylnapthalene). As oxidation progresses, the
concentration of secondary alkylalcohols and ketones as well
as substituted furanones increase. JTdentification of
oxidation products of the surrogate fuel is found in figure 3
of appendix B. The 5-substituted-dihydro-2-furanones must
arise from a somewhat complex mechaniswm of alkane oxidation
that should be investigated further.

Figures 3a and 3b of this report represent oxidation
products of the surrogate fuel after 22 and 78 hours stress
at 75C, without oxygen feed. These, with 46 hour product
data that is not shown, depict the changes in soluble
oxidation producta with time. Product identification is
given in Table 1. Some products, such ss benzaldehyde and 3-
methylbenzaldehyde disappear at longer stress times and no
straight forward more oxidized product (benzoic acid, m-
toluic acid) is found after longer stress. Other cases show
expected sequences: Cyclooctanol and cyclcoctanone are
formed from cyclooctane; 1,2,3,4-tetrabhydro-1-naphthaleneol
and 3,4-dihydro-1{2H)-naphthaleneone are formed from 1,2,3,4-
tetrahydronaphthalene. (tetralol and alpha-tetralone froms
tetralin) For both of these sets of compounds, the alcohols
(cyclooctanol and tetralol) and the ketones (cyclooctanone
and tetralone) are quite evident at 22 hrs. stress but the
alcohol concentrations greatly increased at 78 hrs. stress.
The same is true for the butylbenzene, l-phenyl-1-butanol, 1-
phenyl-1-butanone series. 1In none of these cases is there
a detectable lower concentration of the parent hydrocarbon,
even after 78 hrs, stress. This suggests that the oxidation
proceeds raepidly while the fuel is oxygen saturated, but as
oxygen is depleted and is not readily replaced, only
partially oxidized compounds are subject to more complete
oxidation. The study of soluble oxidation products requires
isonlation and concentration but is fairly straight forward.
Conjecture as to the relationship of the soluble oxidation
products and insoluble deposits is not mo straight forward.
Soluble oxidized species can remain solubtle and build up in
fuel, be incorporated into deposits or be further oxidized.
The true nature of deposits can probably only be learned from
analysis of the deposits themselves.

Analysis of deposits is ccuplicated by the nature of the
deposits. Untreated deposits consist primarily of adsorbed
fuel components which interfere with analysis of the deposit
matrix. Fuel cosponents can be removed by extensive
extractions with hexane or petroleum ether and drying but
this leaves the fundamental question of the nature of the
deposit being changed by drying, no matter how gentle. We

can only assume that the deposit satrix is unchanged and
proceed. A large portion of wmost depositse is acetone
soluble. Attempts to separate the components of the deposit
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by gas chromatography, with cool, on coluan injection result
in broad humps, with no separation.

Better separation was observed when injecting the
acetone solution into a 300C splitless injection port.
Because of this observation we experimented with thermal
desorbtion of solid deposits from a 2 x 20 msM quartz tube in
a "Pyroprobe 1000" pyrolysis eccessory. A great deal of the
solid deposit is released by thermal ‘lesorbtion at 280C and
is cromatographically separated to discrete compounds. This
indicates that weak forces bond much ef the deposit.

Deposits are not covalently bonded polymers. This is
discussed in Appendix B and figure 4 is an additional
chromatogram of thermally desorbed acetone soluble deposit
from the surrogate fue)l. The chromatogram in figure 4 is
very much like figure 5 in appendix B. The difference is
that the deposit that produced figure 5, appendix B contained
a very large amount of hexadecane. The deposit that produced
figure 4 has had more thorough extraction with non-polar
solvents. There are nearly two hundred peaks in the
chromatogram. Some of these contain co-eluting compounds.
The dominant peak {(between 57 and 59 minutes R.T.) is 1.3~
isobenzofurandione {phthalic anhydride}. The second very
large peak (at 55.5 minutes R.T.) is 2,3-dihydro-1H-Indene-1-
one. The next to last large peak (69.7 minute R.T.) is 5,6-
dimethyl-1,3-isobenzofurandione. The phthalic anhydrides are
a very substantial portion of the deposit from surrogate
fuel. We believe that the anhydrides were present in the
depousit and not thermally formed from the acids at the
desorbtion temperature. The conditions of thermal desorbtion
and chromatography would have indicated water if it had been
the co-product of anhydride formation. It is possible that
phthalate esters present in the deposit were thermally
decomposed but it is expected that representative esters
would have survived thermolysis to be detected.

Other components are alkenes, alkanes and dienes from Cg
to Cie, alcohols, sldehydes and ketones to about C;3,
carboxylic acids fros acetic to bexanoic, phenols and
subatituted furanones. At present, the best assumption is
that the deposit is siwply an sggregate of the observed
components in the solid state because pyrolysis of the
surrogste deposit at 550C detects essentially the seme
components, in lesser amounts, as the thermal desorbtion,
This is shown in figure 5, with peak identification in Table
3. Final pyrolysis, at 950C, yields Cqy through Ci;e in small
amountsg, with wuch larger amounts (declining with molecular
weight) of benzene, toluene, xylenes, Cy and Cs benzepnesn,
naphthalene, msethyl naphthalene, naphthaleneol and
methylnaphthalenols. The totael ion chromatogram in figure 6
and Table 4 is peak identification. Although aromatic
compounds will be formed from normal hydrocarbons by
pyrolysis, the much higher abundance of the arowmatics in the
chromatogram indicates Lhat most of the remairning portion of
the deposit is aromatic.




2.4 Deposit Chemisiry of POSF 2747 and POSF 2827 Fuels

These two fuels have been extensively used as reference
fuels by 8 number of investigators working with the
WPAFB Fue! Laboratory. POSF 2747 is a highly refined,
hydrotreated fuel and POSF 2827 is an apparently
representative Jet-A fuel. Both fuels are 19% aromatic.
POSF 2827 is reported to have 0.1% total weight percent
sulfur; POSF 2747 has 0.0%X sulfur. Table 5 is a summary of
results of standard tests for the two fuels. The behavior of
these fuels under thermal stress is very different. POSF
2827 forms dark, crystalline solids very rapidly (under 1
hr.) The Bolids appear as a "floc" suspended in the fuel,
which will]l settle and is not glass adherent. The term
"crystalline”, above, is used comparatively to the deposits
formed by POSF 2747. This fuel produces deposits only with
more extreme stress. After heating at 175C for 4 hrs., with
flowing oxygen, POSF 2747 forms visible deposits that are
very gumpy and glass adherent. The deposits from POSF 2747
are essentially completely soluble in acetone. Over one
third of the POSF 2827 is acetone insoluble. This portion of
the sample will not melt, but decomposes from the solid while
the POSF 2747 deposit melts over s wide range beginning about
90C. Observations of the deposits are summarigzed in Table 6.

Because of the different nature of the deposits from
these fuels, they were subjected to the flask test at 175C,
without flowing oxygen. Both fuels were sparged with oxygen
for 30 minutes at room temperature, the oxygen flow stopped
and then rapidly heated to 175C. The start time was taken as
the time temperature was attained. Visible solids were
observed in the POSF 2827 after 2 hrs. and the accumulation
increased for the 46 hour duration of the test. The POSF
2747 was not visibly discolored for 8 hours and no deposits
vere observed for the duration of the test. After the test
was stopped, the flasks were allowed to cool to room
tewperature prior to filtering. A guemy deposit then formed
in the flask —containing 2747. The total insoluble gum pluu
solids for the fuels was: POSF 2747, 0.060 g., 0.04%; and
POSF 2827, 0.190 grans, 0.13%X. The conclusion is that POSF
2747 must have oxygen to form significant deposits but POSF
2827 will form sigrificant amounts of deposit with no more
than original saturation level of oxygen.

These observations were in line with previous work in
which F.T.I.R. was used to determine the extent of oxidation
of fuels. (Final Report: Subcontract RI-70791X, prime
contract F33615-87-C-2714). 1In this work we found "good
fuels” such as POSF 2747, JP-7 and JP-TS produced a higher
concentration of oxidized species (as carbonyl compounds and
alcohols) than fuels that produced more deposits., Table 7 is
a summary of such results for various fuels. The same
observatione were made by the UDRI and SWRI groups atl about
the same time. Although these observations mean that we
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cannot use any measure of oxidation as a predictor for
deposit formation they suggest that it may be possible to
isolate the cause of excessive deposit formation.

Chromatograms of 2747 and 2827 fuels show only that 2827
has a much wider range of components. Figures 7a and b are
total ion chromatograms of the unstressed fuels. 1t can be
seen that 2827 has "sarker” normal hydrocarbons from octane
through hexadecane while the 2747 contains a range only from
decane to tetradecane. Methanol extraction of these fuels
will concentrate the aromatic hydrocarbon and wmore polar
compounds. Figure 8a and b are teotal ion chromatograms of
wethanol extractions of the fuels. The only cbvious
difference is that 2827 has a much higher concentration of
di- and tri-methylnaphthalenes than 2747. All
chromatographic peaks that give sufficient mass spectral
lines for identification were examined and no known
catalysts, inhibitors or sulfur compounds could be
identified.

In an effort to understand the course of oxidation and
deposit formation, these two fuels were subjected to theraal
stress by a modified flask test, with a Dean-Staerk trap
between the stress flask and the condenser. The trap will
collect volatile products. In 8 hours stress at 175C POSF
2827 produced 4.0 mL of volatile material in a single phase.
This phase consisted exclusively of unoxidized fuel
components, At the same time, 2747 produced 9.0 =mL of
volatiles of which 3.5 mL was a lower, separate phase. The
upper phase consisted extensively of fuel components but also
contained oxidatior products. These included alcohols,
aldehydes, ketones and carboxylic acids. The lower, very
polar phase, contained predominantly carboxylic acids with
the same sort of oxidation products as found in the upper
phase. The distribution of the oxidation products is simply
a function of the distribution coefficient of the comapound
for the phases. Figure 9 is the total ion chromatogram of a
representative polar phase produced by POSF 2747. The large
ramp shaped peaks are the carboxylic acids (coampounds
identified in Table 8) and are at least 100 times as
concentrated as the minor components in this phase.

Oxidation products can very efficiently be extracted
from stressed fuels with silica gel. Twenty mlL. of stressed
fuel is passed through a 1.0 gram silica gel solid phase
extraction cartridge that has been conditioned with petroleum
ether. The cartridge is then washed three times with 2.0 =L
of pet ether and excess pet ether expelled with punping 80-
100 mL of air through the cartridge with a syringe. The
oxidized products are eluted from the sorbent with methanol.
The first 0.3-0.5 ml. of methanol is discarded. The following
0.5-1,0 wl, of methanol will contain the oxidized species,
with very little contamination from aromatic fuel components.
Figure 10 and Figure 11 are chromatograms of soluble
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oxidation products of POSF 2827 and 2747, respectively, that
have been extracted by this procedure. Table 9 is the
compound identification for figure 10 and table 10 is the
compound identification for figure 11,

The difference in the range and classes of compounds is
striking. The soluble oxidation product extract of 2827 is
high in phenols and furanone derivatives. The extract of
2747 is high in alkenes and furanone derivatives. The
carboxylic acids found in the polar phase from 2747 are not
present in the silica gel extract. This may indicate that
they have gone into deposits. The obvious question then, is
the nature of the relationship of soluble oxidation products
to the composition of insoluble gums and solids.

Insoluble gums and solids are isolated from a s8tressed
fuel by filtration with a 0.2 uM. millipore type filter with
binder free glass pre-filter or 0.2 uM. metallic silver
filter. The silver is expensive but stable to washing and
drying. The contents of the stress flask are filtered and
the flask is washed 3 times with petroleum ether and the wash
filtered. The mass on the filter is then washed another 3
times with 20 ml, portion of petroleun ether and dried, with
the flask, for 12 hours at 80C and about 6-10 torr in a
vacuum oven. The filter and flask are then weighed and the
filter rcpositioned on the holder, the flask washed 3 times
with acetone and the washings filtered. The filter is washed
with 3 additional 20 mL portions of acetone, redried and
reweighed, with the flask. The weighing, with tare weight of
flask and filter give total insolubles and solids. Insoluble
gum (acetone soluble) is determined by difference. The
acetone washings are caught and the insoluble gum is isolated
by evaporation under dry nitrogen.

The composition of the deposits can be determined by
thermal desorbtion-GC-MS. A small smount of the deposit is
loaded into a 2 x 20 mM quartz sample tube and inserted into
the platinum coil heater of a pyroprobe 1000 probe unit.
The probe is attached to the interface at room temperature,
with the GC oven at room temperature. The oven is then
cooled to -50C with liquid nitrogen and the interface heater
is turned on to & 280C set point. As scon as the set point
is reached, the probe is fired for 100 seconds st the same
temperature and the GC-MS turned on. This method gives good
resolution of discreet components of the deposits, which are
not otherwise chromatographable. Figure 12 is a total ion
chromatogram of insocluble gum produced from POSF 2827 and
figure 13 is the chromstogram of insoluble gum produced from
POSF 2747,

There is probably a degree of thermal rearrangement cf
deposit compounds invelved in this method, but it is the
first method that har succeeded in identification of deposit
composition. The experiments are difficult and tedious due
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to the need for a trial and error approach to determine what
amount of differentl deposits should be loaded to give
sufficient spectra for compound identification, but still
fgive good chromatographic resolution. Regardless, more
experiments should be done, with lower desorbtion
temperatures, to determine what role thermal rearrangemsent
may play in the identity of chromatographed components.

The thermal desorbtion chromatogram of the two fuel
deposits are quite consistent with the chromatogram of the
soluble oxidation products. The 2827 deposit contains a
great many phenols and few alkenes or alcohols. The 2747
deposit contains alcohols and alkenes, with few phenols.

Both deposits contain (or yield) furanone derivatives. These
must be oxidation products of alkanes (parafins) but it is
unclear as to what role they play in deposition if it is not
that they are simply polar, fuel insoluble compounds that
will aggregate and precipitate.

Thermal desorbtion of deposits can be followed by true
pyrolysis of desorved residue, s8till in the probe. Pyrolysis
of hydrocarbons typically gives alkanes, alkenes, and
aromatic compounds. Pyrolysis of the deposits of 2827 and
2747 follows this trend but are very high in aromatics.
Pyrolysis at 400 or 5C0C gives only a very low yield of
components after thermal desorbtion. Pyrolysis of the 2827
deposit reflects the composition of the fuel in that there
are more high molecular weight aromatic compounds than given
by 2747 deposits under the same conditions. In addition many
of the substituted phenyls detected by thermal desorbtion of
2827 deposits survive the pyrolysis and are identifiable in
the chromatogranm.

From the information obtained by GC-MS of soluble
oxidation products and deposits the nature of deposits can be
speculated upon. The deposits from fuels such as the
surrcgete and 2747 seem to form deposits that are largely
simply wmixed, very polar species, with probably some peroxide
cross linking that produces a varnish like deposit upon
drying. This type of depo=it would be vastly alleviated by
the use of a proper detergent.

Fuels such as the 2827 have deposits of a different
nature. They seem to be more strongly bonded into a solid
phase. Neither type of deposit gives the carbon dioxide
prcduction in thermal desorbtion or pyrolysis that would
indicate that esterification is important to deposition. The
compounds produced from deposits of 2827 do indicate that a
hemiketal type of bouding [R’OH + RCOR ---> R-O-CH(OR')R]may
be responsible for the nature of the deposit. Phenols
strongly interacting with carbonyls from aldehydes, ketones
(or the furanones) would form a real, reversible, covalent
bond to result in an increase in molecular weight and
polarity to produce components of deposits. A combination of
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experiments with high resolution infra-red spectroscopy on
deposits and heated deposits and GC-MS of thermal desorbtion
at lower temperature should prove if this hypothesis is
correct.
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as 2-Octanone, Alcohcl Concentration as 1-Dodecanonol, by
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6a
9a
19a
22a

a" after letter.)

Peak #¢ R.T.(wmin)

21.61
25.55
28.97
3'.86
36.78
37.65
40.95
41.51
41.75
42.85
43.60
45.19
45.29

46.72
47.25
47.42
49.24
561.23
51.56
§2.62
54.98
56.39
58.10
59.08
59.66
60.57
60.98
61.26
62.61
68.75
69.56
71.77
72.84
72.97
73.25
73.49
73.51
75.12
75.80

44.31
48.39
62.45
72.06

Table 1: Tdentification of Chromatographic Peaks for Figure 3a and 3b.
(Lettered peaks are surrogate fuel components, numbered peaks are oxidation
praducts; oxidation productis in fig. 3b that are not in fig. 3a have suffix

Compound

m—-xylene

cyclooctane

benzaldehyde

n-decane

n-butylbenzene

J-methylbenzaldehyde

alpha-methoxy-benzene acetic acid

1,2,4,5-tetramethylbenzene

cyclooctanone

?¢+?-dimethyl phenol

cyclooctanol

1,2,3,4-tetrahydronaphthalene -

1,1a,6,6a-tetrahydro-cycloprop{a)indene or
1,2-dihydronaphthalene

1-methylene-1H-Indene or naphthalene

n-dodecane

2-nonanol?

2-propylphenol

alpha-propylbenzenemethancl

1-phenyl-1-butanone

2,4,5-trimethylphenol

sec. alcohol

l-methylnaphthalene

diethylphenol

1,2,3,4-tetrahydro-1-naphthalenol

2,4,5-trimethyl benzenemethanol

3,4-dihydro-1{2H)-naphthalenone

n-tetradecane

2-dodecanol

dimethylphthalate?

1-naphthalencarboxaldehyde?

benzene butanoic acid

1,2,3,4-tetrahydro-1,2-naphthalenediol

l1-hydroxymethylnaphthalene

sec. alcobol

hexadecane

1,4-dihydro-1,4-methanonaphthalene-9-0l

gec. tetradecanol

subst. naphthalene

dimethylbenzofuranone ’

mixed spectra, a pyran?

subst. phenol

subst. 1,2,3,4-tetrahydroquinoline
C-12 ketone




Table 1 - con’t.

27
28
29

6a
9a
19a
22a

73.51
75.12
75.80

44.31
48.39
62.45
72.06

sec. tetradecanol
subst. naphthalene
dimethylbenzofuranone

mixed spectra, a pyran?

subst. phencol

subst. 1,2,3,4-tetrahydroquinoline
C-12 ketone

9
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Table 2: Peak identification for total ion chromatogram of
figure 4. (Thermal desorbtion of acetone soluble deposit
from JP-8S at 280C)

Peak # R.T. Compound
1. 12.562 1-butene
2. 12.178 butane
3. 13.09 butadiene
- 4. 14.34 1,3-pentadiene (2)
5. 14.84 1,3-pentadiene (R)
6. 16.85 1-hexene
T. 17.15 hexane
" 8. 18,34 1,4-hexadiene
Q, 18.57 1,3-hexadiene?
10. 19.19 acetic acid
11. 19.69 acetic acid, mixed with alkene
12. 19.86 benzene
13. 19.87 benzene, mixed alkyls
14, 20.07 methyl pentadiene
15, 20.19 hexatriene
16. 20.31 tetrahydro-2-furanone
17. 20.62 1-propenylcyclopropene
18. 20,99 propycycloproupane
19. 21.35 heptane
20. 22,57 alkyne?
21. 23.33 propanoic acid
2. 23.44 wmethylcyclohexene?
23. 24.61 C; diene
24. 24.74 C: diene
25. 24.92 toluene
26. 25.09 dihydrofuranone derivative
27. 25.94 sec. alcohol
28. 26.35 cyciopentanone
29, 26.61 hexanal
30. 27.170 butanoic acid
31. 27.85 diene
. 32. 28.49 diene
33. 28.92 dihydrofuranone derivative
34. 29.98 sec. alcohol
35. 30,20 xyline
- 36, 30.52 alkane
37. 30.69 xylene
38, 31.59 heptanol
39. 39.02 styrene
40. 32.57 cyclooctene
41. 33.02 1,4-cyclooctadiene
42, 32.57 hexanoic acid
43. 33.617 dihydrofuranone derivative
44, 34.42 alkene?
45, 35.76 alkene
46. 36.08 metbhyldihydrofurancne?
417. 36.55 Cio alkene

48. 37.43 Cio alkene

101




Table 2 - con’'t.

49. 37.59 Ci¢ alkene
50. 37.63 Cis alkene
51. 37.76 phenol
52. 38.22 2-decene
53. 38.75 Cie alkene
54. 39.42 alkene?
55. 40.47 alkene?
56. 46.75 alkene?
57. 40.82 alkene? .
58. 40.97 propylbenzene
59. 41.30 propynylbenzene
60. 42.02 3,4-dimethyl2,5-furnandione
61. 42.43 l1-octanol?
62. 42.69 l1-phenylethanone "
63. 42.78 ?
64. 44.39 4-cycloocteneone
65. 45.04 cyclooctanone?
66. 45.38 tetramethylbenzene
67. 45.63 2-butenylbenzene
68. 45.81 2-ethylcyclohexanone
69. 46.74 5-butyldihydrofuranone
70. 47,34 1-methyl-1KE-indene
71. 47.91 bicyclooctanone?
72. 48.31 1,2-dihydronaphthalene
73. 48.62 1-dodecanol
74. 48.89 dodecanol?
75, 49.03 dodecanol?
76. 49.32 dodecnnol?
77. 49.46 naphthalene
78. 49.61 naphthalene
79. 49.85 dodecane
80. 50.2% mixed dimethylphenol and alkene
81. 51.16 2,3-dihydro-1,3-dimethyl-1H-indene
Be. 51.40 mixed -
HSO 51.62 1 ethyl-6-ethylidene cyclohexrne
5+ tu »7.03 to mixed spectra, unidentifieble
aS. 53.54 .
90. 54.21 2,3,5-trimethylphenol
9i. 35.49 2,3-dihydro-1H-indene-1-one
92. 55.90 1,3-isobenzofurandione
93. 56.5% 2-methylnaphthalene
94, 57.20 1,3-1s0benzofurandione v
95. 58.31 1,3-isobenzofurandione
96. 58.58 7-tetradecene
97. 58.80 1H-indene-1,3-2H-dione
98. 59.09 alkane + Cy3 benzaldehyde
99, 59.82 methylisobenzofurandione
100. 6v.02 3,4-dihydro-~1(2H)-naphth&leneone
101, 60.45 3,4-dihydro-2H-1-benzopyrane-2-one
102. 61.62 2H-1-benzyopyran-2-one
103. 61.87 4-methyl-1,3-isobenzofurandione
104. 62.45 1,1’-(1,3-phenelyne) ethanone
102




Table 2 con’t.

105.
106.

107.
108.
109.
110.
111.
112.
113.
114.
115.
116.

117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
130.
131.
132.

to

63.20
63.39

64.18
64.74
65.10
65.72
66.11
66.417
67.251
67.47
67.59
67.69

68.00
68.13
68.59
68.78
69.05
69.22
69.66
70.08
70.23
70.86
72.10 to
73.16
73.59

benzopyran-one isomer

2,2-dimethyl-3,4-dihydro-(2H)-1-
benzopyron

subst. furanone derivative

subst. benzofuranone

1,4 naphthalenediol

2

1-naphthalenol

2-naphthalenol

1,3-benzodioxole 5-(2-propenyl)
hexadecane

1-hexadecene
3,5-methyl-3,4-dihydro-1{(2H) -
naphthalenone

alkyl alcohol?
3,4-dihydro-6-methanolnapthalenone
2

5,6-dimethyl isobenzofurandione
a dimethylisobenzofurandione

a dimethylisobenzofurandione

a dimethylisobenzofurandione

”

dimethyl-3(2H)-benzofuranone
mixed spectra, unidentifis .le

subst. naphthalenol
9
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Table 3: Peak identification for total ion chromatogram of
Figure 5. (Pyrolysis of acetone soluble deposit from JP-85

at 550C)
]) 2.85 CO: and Nz
2) 3.80 propene
3) 8.36 1-butene
N 4) 8.51 butane
5) 13.22 pentene
6) 13.53 pentane
7) 16.81 pentadiene
. 8) 17.02 1-hexene )
9) 17.31 hexane .
10) 18.45 hexadiene
11) 19.51 nitrogen burp
12) 19.92 benzene
13) 21.03 ?
14) 21.39 3-methyl hexane
15) 24.90 toluene
16) 25.90 1-heptene
17) 26.33 heptane
18) 30.15 ethyl bengzene
- 19) 30.60 xylene
20) 31.50 ?
21) 31.88 styreane
22) 31.917 Ce ~alkane
23) 32.04 xylene
24) 37.34 phenol
25) 38.00 1,2,4-trimethylbenzene
26) 41.23 1-propynyl benzene
27) 41.59 2-methyl phenol
26) 45.15 1,2,3,5 tetramethyl benzene
29) 46.26 ?
30) 46.84
31) 47.19 1-methyl-1H-indene
’ 32) 48.52 ?
33) 49.38
34) 49.38 napthalere
35) 49.52 Cs benzene “
v 36) 50.78 propyl phenol
37) 51.04 Cs benyzene
38) §2.20 subst. furanone
39) 52.91 subst. furanone
40) 53.32 2-ethyl-5-methylphenol
41) 54.56 2,3-dihydro-1H-indene-1-one
42) 55.17 2-methyl naphthalene
43) 56.15 2-methyl naphthalene
44) 56.53 1,2-benzenedicarboxylic acid
45) 57.69 1H-indene-1,3{2H)-dicne
46) 58.07 1-(3H)-isobenzofuranone
47) 58.31 ?

48) 58.72 1-(2,5-dimethylphenyl)-ethanone

105




Table 3 con’t.

49) 60,72 1-(2H)-naphthalenone

50) 60.88 §-methyl-1,2-benzenedicarboxylic acid

51) 61.28 1,2-dimethyl naphthalene

52) 62.71 4-dihydro-2,2-dimethy]l 2H-1-benzopypran ?

53) 64.01

54) 64.53 thyl-1,2,3,4-tetrahydro naphthalene ?

55) 65.56 ththalenol

56) 65.94 s-phenyl furan

57) 66.73 5-(2-propenyl )-1,3-berzodioxole ?

58) 67.21 7-methyl, 2H-1-benzopyrau-2-one "

59) 67.59 2-methyl-i-naphthalenol ]
60) 69.16 5,6-dimethyl-1,3-isobenzofurandione .
61) 69.33 2-methyl-1-naphthalenol

62) 69.66 3-methyl-l1-naphthalenol

63) 70.35 ? N

64) 71.16 5,7-dimethyl-1-naphthalenol

65) 73.40 ?

66) 76.21 ?
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950C)

Peak

[« IS N B N X

9.
10.
11.
12,
13.
14.
15,
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
* 34.
35.
36.
317.
. 38.
39.
40.
41.
42.
43.
44.
45,
46.
47.
48.
49,

Ret.Time

2.18

3.37

7.92

8.21
13.14
13.47
13.59
14.26
14.43
14.69
15.14
26.97
17.256
17.37
17.54
18.34
18.92
19.11
19.34
19.84
20.89
21.24
24.76
25.66
26.06
29.84
30.31
31.74
36.98
37.65
40.26

40.86
41.19
42.02
42.38
44.75
46.77
48.98
52.83
54.01
54.75
55.71
55.92
60.86
656.02
65.43
67.19
68.70
69.25

Table 4: Peak identification for total ion chromatogram of
Figure 6 (Pyrolysis of acetone soluble deposit from JP-8S at

Compound

nitrogen, COp
propene

1-butene

butune

1-pentene

pentane

2-propanone
2-methyl-1-butene
1,1-dimethylcyclopropane
1,3-pentadiene
1,3-cyclopentadiene
1-hexene

hexaue

2-butanone

2-hexene
1,4-hexadiene
1,3,5-hexatriene

3-methyl-1,3-pentaliene
benzene

1-heptene

heptane

toluene

l-octene

octane

ethylbenzene

m & p-xylene

o-xylene

phenol
1,3,5-trimethylbenzene
benzeneethanol, beta-ethenyl
(1-phenyl-2-hydroxy-3-butene)
1-propynyl benzene or 1 H-Indene
2-methylphenol
1-phenylethanone {(methylphenyketone)
3-methylphenol
1,2,3,5-tetramethylbenzene
Jd-methyl-1H-Indene
naphthalene
2-ethyl-5-methylphenol
2,3-dihydro-1H-Inden-1-one
l1-methyl-naphthalene
2-methyl-naphthalene
1,3-Isobenzofurandione
1,4-dimethylnaphthalene
1-naphthalenol

3-phenyl furan
2-methyl-1-napbthalenol
3-methyl-1-naphthalenol
4-methyl-1-naphthalenol




Table 5: Comparison of Analysis for POSF 2747 and POSF 2827 Fuels. (Data
from SA-ALC/SFTLA, WPAFB, OH 45433-6503)
Results
ASTMS Test POSF 2747 POSF_2827
D3242 Total Acid Number, mg KOH/g 0.0 0.001
D1319 Aromatics, Vol %X 19 19
D3227 Mercaptan Sulfur, WL X . 0.000 0.001
D4294 Sulfur, Total Wt % 0.0 0.1
D % Flash Point, Deg C 60.0 - 50.0 =
D1298 Specific Gravity, 15.6/15.6 Deg C 0.8076 0.8072
D2386 Freezing Point, Deg C -60 -43
D 445 Viscosity @ -20 Deg C, cs 4 5
D1322 Smoke Point, mm 22 <4
D 130 Copper Strip Corrosion 1 1 -
D3241 Thermal Stability @ 260 0 0
Deg C DELTA P, mm
D 381 Existent Gum, ng/100 ml 0 1
D109 Water Reaction Interface 1 1] -
D2624 Fuel Electrical Conductivity, pS/s 230 183
D5327 Fuel System Icing Inhibitor, Vol X 0.00 0.00
Table 6: Comparison of Deposits Produced by POSF 2747 and 2827 Fuels in Flask

Tests at 175C and 100 ulL/min Oxygen Flow

POSF_2747 POSF 2827
Mases of Deposit 2.849 g 0.904 g
Wt X of Fuel 1.81% 0.57%

Time for visible over 2 hrs. lers thag 10 s

ceposit
dark brown, non-adherent golid

physicul nature brown, adberent gum

Guus aond Solids(1Y inscluble gum so0lid ipmsoluble gum 821lids

Mass 2.813 g 0.036 g 0.584 g 0.320 g

wt. £ of fuel 1.78% 0.023% 0.37% 0.203% .
Melting point(C) 90 onset 183 conset 147 onset doesn’t melt

Totul deposit given above divided on basis of solubility. Inacluble
Gum defined as acetone soluble portion of total deposit; Sol<ds
defined as acetone insolbule fraction.

| (1)

108




"J.08

"1993 ASPTF Uy USBAXO BUTAOTI UTW/TW DOT YITA D.GLT IV pesseIls I9N3 4O JO quw Qo]

‘2303 ¢ ‘SutdIp pue ysem eurxey xe33e ordwes qu of woxzy juLwypes ()

(1)

8$939INnoT3aed sejeTnoyITRd
MOTTIX LR P eut3
1833 uybyq MOTTIX °317 MoTTOX AOTTOL MOTTOX *31 MOTIX °37 umoxg <31 TensyTA
(z) uTw ozt
bu 1-9 Bu g-01 Bu £-¢1 bw g-z1 Bw 0°pt bu g g Buw ggg Th TOSUT -3m
8L7°0:ZT€°0 8BS 0I€G8° 1 9E9°0L0PT T SLB'OTPI"T EI0°0:2Z0°0 020°01620°0 £€6Z°0fz2sc 0 ozt
LIT0IZET0 SIE°0:Z6P°0 SOV 0:0ZE° T €8L°0Q:LLYI'Y 0T0°04816°0 900°0:T15°0 960°0:S¥1°-0 06
160°0:660°0 612°0:i2p°0 90P°0° L9 T L€9°0:TLT"1 L00°0¢¥1G0 800°0:600°0 9Z3°G¥50°0 09
990°0f120°0 TET°0f6T2°0 6SE€°0fELT"Y C95°01866°0 €00°01000°0 T20°0t800°0 Z10°04BI0-0 uiw g¢
BWIl N8I3R
ISIT(/83ToW ‘(Iuouw3do-z sy) L0 Duw (TouRdApOP-i YY) TOHODTY JO SUCYILIFUIIUGC)

Sl-dr

LyLz aso0d Y187 J4sod €182 dsod {£98T Nn)
L-d¢ 1-% xadng 9-4d0 8-4ar g8-dr Sg-dr Teng
(1)81-14 £q 8rany snotiea jo s3osnpoag LOTIePTXO jJo sfsATeuy L 3IT(e]
- -




[BWION  *8T3Nd £78Z 4SO PU@ LbrZ 450d 3O SLeIBOIEWOIYD UOT [RIOL 3O uOBY18AWOD

*Iaqunu uoqie> AQ pPaTeqeT SIR BaLENTY

:q % w2 @anbyy

(Tupu) 8wy
es 8l es as =14 QE e a1

N_U

Q3SS3YLSNN
(1-4 13[)¢282 4S0d

0 'Y28u0BBILKYIUT 40 O1IL

2+30°8
S+38°C
S+32°1
9+35°1
9+30°2
8+3G6°2
9+3@°€
9+35°€
8+30° v

sourRpungy

("Ujwy ewiL il
28 2¢ e9 @S ob ec am au

Ty ﬁ e

H-U

s 0y

Q3SS3YLSNN \
(1-X ¥3dNS)¢be2 4S0d >

d""dIS”HOSBLYIWa 30 DIL

+30°0
5+38°85
+38° 1
9+36° 1
g9+38@°2
g9+38°2
9+36° ¢
S413S°€E
9+30 " ¢

souvpungy

116




*suiRIbolrwoIyd Yjoq o3 suyeiaed qp *6Td UO uUIATE sejIes oT3RWOIR O UOTIEDTITIUSPT
T819Nd (787 JSOd PUR LP(T7 4S04 3O 8300IINF [OURYIGW JO RWRIBOIQWOIYD UO] TIe30lL :q 9 @g anb1yg

(*Ulw) ewyj
“a el 89 s ov RE @e
g —frﬂ. i A 8+38°0
m o o .Wu. S+38°¢ %
savateyiydeu Oy .m 4 . ' "y 9+30°1
o L= HE ol _ Iwg L3
ssustwyiydeu Iy m m .+ m .u.w 8+3S° 1 W.
o Shueausq %y ¥y AT
vevetvy vy 1y m _v|||.||I|~ m Uit e .,N
wsnpevan by Lypagt e W
LJudiX3 TONUHLIW ' U33S3BLSNND
(1-4 L3r)¢282 3504 ag ‘674 S+2@°E
d'ybsSHoSer:yivd 9 D11 _
("uUjw) ewjy =
%13 gl ag 2Ss (%0 4 o€ Pe 3
| A A A . - A df g 1 P - . - . P Py S S y e A " A G+.I & . &
Y w
. S+ G
+30 2
-9+38°1 T
L 9+35°1 o
o
9+30°2 w
8 . o
LoH¥IX3 TONUHLIR‘TISSINLISNN . S+3s°2
(1-X 83dNS)¢bee 450d .m B 9+30°¢
U°UESHOSOL 1HiHd 30 DIi 8 "PH




[

U0 PITITIUSPT 68° BPToP O1TAx0qaed axe s)ywvad padeyse 4

wex

‘abren

-
*36L

1 e

"8Iy £ pPassalils
*LyL? dSOd 1ond AQ pIwIO3 BIONPOId UOTIRPIXQ JO IBEYd IRTed 3o weabojsweii) uol [e3ol 6 aInByg

rweibojewoayd

(*djw) ow)y
ee se @ee St

. e A Y e L

284104421 G3SSINLS
dtdl MY3IYLS-NL3Q wody

3SYHd ¥Y10d ' ¢be2 450d

pyoe oroueing
pIoe orouvdoxd

g eedueriegibviyd 40 DIL

112

]}

proe O1330¥%

proe 2tTwiod

E

-

gdﬂﬂ&;hwﬂ.nu .
[ 4

S+32° 2
S+38° ¢+

g+3e'9s

ssurRpunqgy

3+32°8B




Table 8: Peak Identification of Compounds from Figure 9: (Chromatogram
of Polar Phase formed by POSF 2747)

Peal # R.T. (min)

1. 3.26
2. 3.44
3. 3.84
4. 4.14
5. 4.45
6. 9.71
7. 5.90
8. 6.42
9. 6.69
10. 8.18
11. 9.43
1z. 9.83
13. 10.68
14. 11.17
15. 11.97
16. 12.64
17. 14.48
18, 14.66
19. 14.98
20. 15.71
21. 16.26
22. 16.33
23. 17.47
24, 19.51
25. 19.86
26. 20.56

27. 22.43

ID

methyl formate

ethanol

acetone

ethyl formate

formic acid

butanal

2-butanone

Incomplete MS, propanol?
Incomplete MS, propanol?
acetic acid

2-pentanone

pentanal

propylacetate

butyl formate

Incomplete MS, 3-pentane-2-one?
propionicacid

2-hexanone
2-ethyl-1-butansl
incomplete MS
butylacetate

butanoic acid

1-pentanol
3-methylcyclopentanone
2-heptanone
cyclohexanone

Incomplete MS, pentyl acetate?
Z2-octanone
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Table 9: Peak Identification for Figure 10: Extracted
Oxidation Products of POSF 2827.

i. 12.43 ! propoxypentane
2. 14.59 3,3-dimethyl-2-hexanone
3. 15.34 2,2-dimethylpentanol
- 4. 22.08 4-methylphenol
5. 24.66 ethylphenol
6. 25.18 dimethylphenol
7. 25.98 dimethylphenol
. 8. 26.43 dimethylphenol
9. 27.09 dimethylphenol
10. 28.07 2?7-propylphenol
11. 28.31 propylphenol
12. 28.78 propylphensl
13. 29.568 ethylaethylphencl
14, 30,33 trimethylphencl
15. 30.26 Cy» phenol
16. 31.46 Ce phenol
17. 31.70 Ce« phenol
i8. 33.70 subgst., tetrahydrofursnone
19. 34.45 decanol
20. 37.19 methylisobenzofurandione
2]. 37.57 undecanol
22. 40,90 mixed spectra, subst. benzoic acid?
23. 42.17 dimethylbenzopyran-2-one
24, 42.95 alkene
25. 43.69 p-cyclohexenylphenol?
26. 44.52 methylnaphthoquinone?
27. 47.31 subst. phenol
28. 50.38 methoxyphenanthrene?

29. 53.20 subst. furandione?




1. 14.59
2. 15.32
3. 17.06
4. 17.24
5. 16.37
6. 21.43
7. 23.10
8. 25.59
9. 26.86
10. 29.83
11. 30.80
12, 32.55
13. 33.76
14. 33.97
15, 34.28
16. 34.49
17. 35.96
18. 36.62
19. 37.19
20. 37.45
21. 37.97
22. 38.20
23. 38.29
24. 38.75
25. 38.29
26. 40.42
27, 41.95
28. 43.41
29. 43.79

Table 10. Peak Identification for Figure '1: Extracted
Oxidation Products for POSF 2747,

3,3-dimetayl-2-hexanone
dihydro-2(2H)-furanone
dihydro-5-methyl-2{3H)-furanone
tetrohydro-2H-pyran-2-one
4,4-dimethyl-dihydro-2(3H)-furanone
subst. furanone
S5-ethyldihydro-5-methyl-2{3H)-furanone
5-propyl-dihydro-2(3H)-furanone
3-ethyl-2,5-furandione
5-butyldihydro-2(3H)-furanone
2-undecanol
1,3-isobenzofurandione
5-pentyldihydro-2{3H)-furanone
sec-butylethylbenzene
l-ethyl-3-(1-methylethyl)-benzene
subst. 2,5-furandione
4-methylisobutylfurandione

subst. furanone
4-methylisobenzofurandione
S5-bexyldihydro-2(3H)-furanone
methyl-1(34)-isobenzof randione
methyl-1{3H)-isobenzofurandione
methylixobenzofurandione
2,4,6-trimethylphenzl-l1-ethanone
4-methylphthalic acid
5,6-dimethyl-3(2H)-bengofurancne
dimethylbenzofuranone
ethylmethylbenzofuranone?
ethylmethylbenzofuranone?
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Table 11i:

Peak Identification For Figurel2; Thermal

Desorbtion Chrosatcgram of Stressed POSF 2827 Insoluble Gum

—
SO R MU N =
e o s & »

11.
12.
13.
14.
15.
16.
17,
18.
19.
20.
21.
22,
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33,
34.
3s.
36.
37.
38.
39.
40,
41.

43.
44,
45.
46.
47.
48,
49.
50,

13.34
13.74
14.88
16.34
17.66
18.06
19.88
21.06
21.63
22.01
23.99
24.71
25.39
26.38
26.69
26.91
29.76
30.52
30.97
31.89
32.38
32.69
35.43
36.33
36.71
37.63
38.27
38.98
40.02
41.37
41.80
43.03
43.32
44.88
45.05
47.39
47.48
48.15
48.172
49.52
50.17
50.88
51.78
52.14
52.84
53.42
53.63
53.89
54 .67
56.06

1-butene

butane
dimethyleyclopropane
wmethylpentene
1-hexene
2-butanone

mixed MS

acet.ic acid
dimethylpentene
3-methylbutanal
propanoic acid
wethylpentanol
toluene

2-heptenal
dihydropyran
sec-alcohol
methylcyclopentanone
ethylbenzene

m &k p - xylene
1-octanol

o-xylene
incomplete MS
ene—ol
ethylmethylbenzene
ethylmethylbenzene
phenol
trimethylbenzene
ethylhexanol?
isopropylbenzene
2-hydroxybenzaldehyde
2-methylphenol
4-methylphenol
sec-alueohol
dimethylphenol
2-methylbenzofuran
dimethylphenol
methylindene
dimethylphenol
dimethylphenol
dimethylphenol

Cs phenol

Ci phenol

Ca phenol
2-hydroxybenzeneacetic acid
Cs phenol

Cy phenol

Cs phenol

Cs phenol
1H-indene-1-one
ethylmethylphenol
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Table 11 con’t.

51. 56.24 pethylnaphthalene

52. 56.62 isobenzofurandione

53. 57.85 methylbenzofuranone

54. 58.28 ethylbenzoic acid

55. 58.87 dimethylphenyl-1-ethanone

56. 61.10 dimethylbenzofuranone

57. 61.43 dimethylnaphthalene
- 58. 61.62 dimethylnaphthalene

59. 61.91 dimethylbenzofuranone

60. 62.174 4-methylphthalic acid

61. 62.88 2,2-dimethyl-3,4-dihydro-(2H)-1-
- benzopyran

62. 65.60 methylnaphthalenol

63. 66.10 3-phenylfuran?

64. 68.47 subst.. phenol?

65. 69.04 9H-fluorene

66. 70.06 2-methyl-1-naphthalenol

67. 74.96 dimethylnaphthalenol




Table 12:

Peak Identification For Figure 13; Theramal

Desorbtion of Stressed POSF 2747 Insoluble Gums

b
CWOINNEWN =

[EF
B e
o o

b s
- W

15.
16.
17.
18.
19.
20.
21.
22,
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
3.
Wi,
ah.
iR,
37,
8.
39.
40.
11.
42.
43.

10.32
14.58
14.95
16.91
17.83
19.13
19.56
23.38
29.52
30.51
31.01
36.56
36.72
37.20
39.03
40.40
40.94
42.42
42.68
43.16
43.71
44.70
46.30
46.61
47.92
48.13
48.61
49.15
53.10
53.26
53.69
53.81
55.45
55.823
57.0%
58.09
60.29
61.96
63.22
66.14
67.37
69.53
69.79

butane
dimethylcyclopropane
2-butancne

acetic acid

benzene

3-butene-2-one

heptane?

toluene

xylene

octanol?

xylene

phenol?

ene-o0l?
ethylmethylbenzene
ethylmethylbenzene
3-methylcyclohexene?
methylisopropylbenzene
2-undecene

47-undecene

?-undecene

?undecsne

Cs bemnzene
hydroxybenzaldehyde?
ethyldimethylbenzene
1-dodecene

?-dodecene

?-dodecene

undecanol?

dodecanol?
dimethylphenyl-1-ethanone
alkene
2,3-dihydro-1H-indene-1-one
dimethylphenylethanone
1,3-igcoenzufursnnione
lH-indene-~1,3(2H)-dsone
methylphenylbutonedione
dimethylbenzofuran
methylphthaiic acid
subat. isobenzofurandione
dimethylbenzofursanone
dimethylisobenzofurandione
isobutylmethylbenzene
alkane




Analysis of Jet Fuel Additives
William D. Schulsz

Department of Chemistry
Eastern Eentucky University
Richmond, KY 40475

ABSTRACT

Current U.S.A.F. interest in raising the allowable
operating temperature of jet fuels involves experimentation
with additives such as antioxidants, metal deactivators,
dispersants and detergents. For experiments with additives,
it is necessary to know that the test fuel is additive free.
A method for isolation and concentration of additives for
G.C.-M.5. analysis was developed using a surrogate JP-8
containing twelve components. Various solid phase extraction
utilizing commercial cartridges proved less desirable than
methanol extraction with heptane back extraction. The
liquid-liquid methanol alsoc produced good results for
"oxidation products” of fuels such as alcohols, aldehydes,
carboxylic acids and ketones.

INTRODUCTION

Because of the extreme complexity of petroleum derived
fuels, a twelve component surrogate JP-8 was formulated for
the original purpose of investigating the products of
autooxidation. The surrogate contains alkanes, cyclanes and
aromatics of proportion and boiling range similar to JP-8.

When it seemed necessary to develop an analytical method
for the detcrmination of additives, particularly
antioxidants in fuels, the surrogate fuel provided an ideal
substrate. Because it was also desirable to isolate and
concentrate oxidation products from thermally stressed fuels,
this was investigated concomitantly with the extraction of i
additives. o

EXPERIMENTAL

Chemicals: Surrogate fuel components (isooctane, 5.0%;
wt./wt., methylcyclohexane, 5.0%X; m-xylene, 5.0%; cyclooctane
5.0%; decane, 15.0%X; butylbenzene, 5.0%; 1,2,3,4-
tetramethylbenzene, 5.0%; tetralin, 5.0%X; dodecane, 20.0%; 1-
methylnapthalene, 5.0%; tetradecane, 15.0% and hexadecane,
10.0%X, were 99+% grade purchased from Aldrich. "Oxidation .
product” probes: Hexanal, hexanoic acid, l-octene, 2- '
octanone and dodecanol were Aldrich reagent grade. Solvents: N
{Acetone, acetonitrile, methanol, toluene and heptane) were
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Aldrich reagent or HPLC grade. SPR cartridges were J&W
(diol, cyano and C-18) J.T. Baker (silica gel) and Alltech
(IC/Ag). All were conditioned and used according to the
vendors recommendations.

Solid phase extraction: For normal phase extraction,
({silica gel, diol, cyano and tandem IC/Ag and silica gel) 1
gram cartridges were conditioned frow water-methanol to
heptane. 10 mL spiked fuel samples were passed through the
cartridges at "2 maL/minute and the cartridge was then wzshed
with 3xZ mL portions of heptane. After the last wash excess
hexane was purged with 3x10 mL portions of air and the -
cartridge was eluted with methanol or 50/50 methainol-acetone.
Eluent was collected in 1 ml increments for analysis.

Liquid-liquid extraction: 100 mL of spiked fuel wag
extracted with 3x20 mlL portions methancl. The methanol
extracts were pooled and back extracted with 3x10 mL portions
beptane. The heptane was discarded. For fuel additive
analysis the methanol extract was reduced to 2 mL volume by
evaporation with a stream of dry nitrogen. For oxidation
product analysis the methanol extract was not concentrated or
concentrated 50X. 10 mL portions of real stressed fuel
samples were extracted with 3x2 mL methanol, the methanol
pooled and back extracted with 3x2 mL heptane. The
extractions were done in screw cap 12x150 mM culture tubes.
The tubes were centrifuged after back extraction and traces
of heptane removed with a pastuer pipette.

Analysis: Sauwples were analyzed on an HP 5890 Series II
GC-5970 MS, equipped with an HP 7673 autosampler. Column was
a 30 or 50 M.x0.25aMx0.5 M DB-5 type with 2-4 M 0.53mM
retention gap. Concentrated samples wWwere injected on column
with electronic pressure programming szt to maintain 30
cm./sec. flow, Dilute samples were injected splitless, up
to 4§ mL., with the flow rate adjusted to 30 cm./sec. at
150¢C. Initial temperature, time, ramp and hold time depended
upcen compounds of interest. 40° initia', hcld Z minutes,
42C/minule to 280¢C with a8 15 mincte Lol oo V0 sdeguaicly
resolve and elute all compounids discus=ed. The MS was v
scanred 35 to 550 M/=z.

RESULTS AND DISCUSSION

The analysis of fuel additives is complicated by the
fact that the anslyat will not know the identity of the
analytes. He must either use several methods or develop a
general method that will give acceptable results with a wide
range of compounds. GC-M8 is rapid, sensitive and can
identify components and so is a wethod of choice for analysis
of the hindered phenol, aliphatic and aromatic amine
compounds that are usually used as antioxidants. Only one
compound, N,N-disalicylidene-1,2- propanedismine seems to
comnmonly be used as a metal deactivator and it i1y awenable to
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GC analysis. Most dispersents nnd detergents urc ot
volatile enough for even high temperature GC and they have
not been included in this work. The additive analysis is
further complicated by interference from the very wide range
and huge number of fuel components as well as the usual low
concentrations of additives.

Solid phase extraction seems an attractive and often
effective method of isolation and concentration and would
seem ideal for extraction of polar additives from fuel. 1In
several experiments with normal phase extraction, using
silica gel, diol and tandem silica gel-silver loaded ion
exchange cartridges, recovery of one or more typical
artioxidants was unsatisfactory. Table I is a general
overview of extraction-concentration methods attempted and
gives the problems encountered with various solid phase
extractions.

We had previously used methanol extractiom for
concentration of oxidation products from fuel samples with
good success. When we attempted extraction of additives
spiked into real fuels with methanol, fuel components
presented unacceptable interference for chromatography. Back
extraction with heptane removed the interfering fuel
cowponentis Lo an acceptable degree. Easentiaily alil
remaining fuel components are aromatic hydrocarbons. (This
observetion is also of some value, since fuels containing
wore and higher molecular weight aromatics seem to produce
the most sediment upon autooxidation.) The liquid-liquid
extraction method provides good results for a wide range of
additives and oxidation products. Figure I is representative
total ion chromatograms of the spiked surrogate fuel before
upd after extraction, showing recovery of additives and
ozidation prodacts. It can be seen that substantial
concentration is effected, in fact, showing storage
deterioration of the surrogate fuel (tetralinol, tetralinone)
and components not known to be in any of the additives
(substituted quinoline, others unidentified). Table II is a
summary of recovery data from surrogate fuel spiked at 50
ppm. Tetection limits have not been established but from
Figure I there would still be more than adequate sigral to
noise for major components at 5 ppm.

Figure II is a comparison of a real fuel known to
contain no additives, which is spiked at the 50 ppm level,
before and after extraction. 1In this case some of the
"oxidation products" are partially obscured by the
coextracting aromatic compounds but all additives are
essentially interference free.

The utility of this method was proven when a colleague
found evidence of a hindered phenol in a sample of JP-TS fuel
by electrochemical analysis. The fuel was known to contain
an additive package but should not have contained a hindered
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phenol. Methanol extraction, back extraction and G.C.-M.S.
analysis proved the presence of 2,5-di-t-butyl-4-methylphenol
(BHT) which was later recognized by the supplier as being
present due to stocks used in blending of the fuel. The
total ion chromatogram for the unspiked fuel is compared to a
spiked sample of the same fuel in Figure 3.
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Table I

Summary of Additive and Oxidation Product
Isolation and Concentration

-

Technique

Silica gel S.P.E. cartridge

Diol S.P.E. cartridge

Tardem Ag-~Ion Exch.

Methanol extraction, C-18
"clean-up”

Methanol extractions
Silica gel "clean-up"”

Methanol extraction,
heptane back extraction

Disadvantage

Very low recovery of
hindered phencls

General very low recovery
hindered phenols and
amines

Low recovery in general,
very low recovery of
hindered phencls

Loss of alkyl-amine
compounds

Components of interest
spread over a 1-5 mL
range of elutions.
Dilution, rather than
concentration, is
effected.

No disadvantage for
additives, also can be
concentrated by "blow-
down". Low recovery

only of heptanal noted
for "oxidation
products.”




Table 11

Recovery Data for Methanol Extraction-
Heptane Back Extraction at 50 ppm Level

% Recovery std. Deviation (n>4)

Fuel Additives

JFA-5%
antioxidant! 89 3.56
Metal deactivator 75 3.90
2,6-di-t-butyl-4-methylphenol 87 3.78 )
N,N’-di-sec-butyl-p-phenylene
diamine 92 2.81
4,4’ -methylene-bis(2,6-di-t-
butylphenol) 94 2.03
Cxidation Products
heptanal 232 8.20
l-octene 372 5.69
2-octanone 385 3.71
hexanoic acid 97 9.843
1-dodecanol 99 1.51

tMixed additive: Contains antioxidants, wmetal deactivator
~and dispersant.

1. Determined from most abundant of homologous series.
2. Extrewely sensitive to back extraction, bzagt to locate by
retention time and deteraine without back > traction.
3. 1Integrator error: Very poor peak shape froam column used. v
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APPENDIX B

Oxidation Products of a Surrogate JP-8 Fuel
William D. Schulz

Department of Chemistry
Eastern Kentucky University
Richmond, KY 40475

ABSTRACT

Future high performance aircraft will require fuels with
a high operating temperature for use as heat exchange fluids.
The determining factor for the maximum operating temperature
of a fuel is the formation of gums and solids in the fuel
beyond that temperature. A 12 component surrogate JP-8 has
been formulated to simplify the study of the chemistry of gum
and solid formation by fuels. The surrogate fuel contains
chemical class representative compounds that are relatively
pure, inexpensive and found in real fuels. Oxidation
products of the surrogate fuel, including soluble and
insoluble, have been isolated and analyzed by GC-MS and
pyrolysis-GC-MS. The analysis of the oxidation products and
their fate, with time, is presented.

INTRODUCTION

Fuel stability to storage and thermal oxidation and
subsequent gum and solids deposits has probably been of
concern since the invention of internal combustion engines.
The importance of fuel stability, particularly thermal
stability, has increased greatly with the increasing need to
use the fuel as a heat exchange fluid in modern aircraft.
Literature reviews(!-3) contains hundreds of references, yet
Reddy‘4) in a February 1989 paper statesn: "Alth.ough
cor .ilerable effort has been devoted to understanding and
solving the fuel degradation problems, knowledge of the
detailed chemistry is lacking.” Reddy also cites a
considerable amount of work for which results "are unclear
and at times contradictory.” Aircraft malfunction caused by
fuel oxidation includes effects ranging from synthetic Beal
and O-ring failure caused by hydroperoxides(3) to clogged
injection nozzles and fouled heat exchange surfaces(4) due to
surface deposits of gum and particulates. The fuel
deterioration problem is very complex. Although
nydroperoxide formation is certainly the first step of the
oxidation process, different mechanistic steps cen become
more important to product formation at different
temperatures. As temperatures increase pyrolytic reactions
begin to contribute to deterioration and finally predominate
at. about 5000C.t8) TIn addition, the physical mechanisms of
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depostion or solid formation from insoluble species disperscu
in fuel can vary and can probably be rate determining in scre
cases. The composition of the fuel is, of course, the
determining stability factor, and it is also important fcr
solvent properties in gum and particulate formation from
oxidized species. The complexity of jet fuels and of the
degradation mechanisms, the nature of deposition process and
the large number of degradation products implicated in
deposit formation combine to make thermal oxidation and fuel

deposition studies difficult.

The goal at the outset of this work was to devise a
system to simplify and accelerate the study of autooxidation
and possibly be of use for additive evaluation. The
requirements for a stress apparatus were that it be inert,
simple, inexpensive and capable of stressing fuels with
rapidity and repeatability. The flask test that we devised
is a very simple version of Shell flask test.(®) Standard
taper (24/40 and 19/22 glassware is used and oxygen is
introduced to the fuel via a €.53 mM fused silica capillary
line that is simply passed through a2 viton seal alongside of
the thermometer. Figure I is a schematic of the flask test

apparatus.

To avoid the extremc complexity of rcal, petrcleum
derived, fuels, a surrogate JP-8 was prepared. The criteria
for the surrogate formulation were that it contain reasonable
amounts of compounds representative of the chemical classes
7ound in real fuels, that the physical properties of the
surrogate approximate a real JP-8 and that the components be
1eadily available in high purity and reasonably priced.

Table I shows the composition of the surrogate and Table II
is a comparison of the surrogate and a petroleum derived

JP"'8.

Gravimetric determiration of gums and solids as a
measure of thermal stability is difficult, time consuming and
imprecise. One goal of this work was to investigate
analytical methods for the determination of oxidation
products as precursors to gums and solids. If the flask test
and surrogate fuel were used to develop a method for
determination of alcohoi and carbonyl products by FTIR which
seemed tc promise botk as a rapid predictor of fuel stability
and as a test method for the efficiency of antioxidants. The
method worked well for determining the extent of oxidation
but this was, unfortunately, not related to the amount of
deposition for different fuels, or with different
antioxidants.(19} The flask test and the surrogate (JP-8S)
fuel have proven valuable for development of methods for
isolation and concentration of oxidation products and fuel
additives, and for basic investigation of the chemical
composition of oxidized fuels, gums and solids. In this work
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we present the resalts of analysic of the oxid: tion products
of the surrogate fuel, which we hope to compar: to results
from real fuels in the near future.

EXPERIMENTAL

Chemicals: Surrogate fuel components (isooctane, 5.0%;
wt./wt., methryleyclohexane, 5.0%; m-xylene, 5.0%; cyclooctane
5.0%; decane, 15.0%; butylbenzene, 5.0%; 1,2,3,4-
tetramethylbenzene, 5.0%; tetralin, 5.0%; dodecane, 20.0%; 1-
wethylnapthalene, 5.0%; tetradecane, 15.0%¥ and hexadecane,
10.0%, were 99+%X grade purchased from Aldrich.

Solvents: (Acetone, acetonitrile, methanol, toluene and
heptane) were Aldrich reagent or HPLC grade. High purity
nitrogen and oxygen from Central Kentucky Welding Supply were
used as purchased.

Flask test apparatus: (Figure I) Teamperature control
to + 1°C was by Therm-o-watch controllers (I2R Corp.) and
mercury thermometers. Resistively heated oil baths and
heating mantles were variocusly employed to heat fuel flasks.
24/40 and 19/22 st. tLaper pyrex glassware was used
throughout. (19/22 joints adapted to 24/40 Friedricks
condensor to utilize more available glassware and reduce
vapor volume before condensing.) Polyimide coated,
deactivated 0.53 mM I.D. fused silica (Restek, H.P.) was used
(through viten thermometer seals alongside thermometer) to
supply purge nitrogen and oxygen to the bottom of stress
flasks. Normal procedure was 50 mlL fuel in 100 mL RB. 19/22
flask. Mass flow controller adjusted to 60 mL/min. oxygen
flow, than a "T" value switched to purge fuel and system with
dry nitrogen for 5 minutes, the heater switched on and
purging continued until operating temperature was reached.
Stress time was recorded when oxygen flow was begun. When
samples were obtained during stressing the thermometer-gas
feed sdapter was simple lifted up and § or 10 al, alijuot
withdrawn by pipette. Samples were stored in 12 x 150 mL
teflon cap sealed culture tubes at 5°C.

Analysis: Samples were analyzed on an HP 5B90 Series
IT GC-5370 MS, equipped with an HP 7673 autosampler. Column
was a 30 or 50M.x0.25mMx0.5uM DB-5 type with 2-4 M 0.53mM
retention gap. Concentrated samples were injected on column
with electronic pressure programming set to maintain 30
cm./sec. flow. Dilute samples were injected splitless, up to
4 mL., with the flow rate adjusted to 30 cm./sec. at 150°C.
Initial temperature, time, ramp and hold time depended upon
compounds of interest. 40° initial, hold 2 minutes,
4°C/minute to 280°C with a 15 minute hold would adequately
resolve and elute all compounds discussed. The MS was
scanned 35 to 550 M/z.

Pyrolysis and thermzl desorbtion was done with a CDS
model 1000 "Pyroprobe"”, couil element and 2mM quartz tubes.
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For thermal desorbtion: Sample loaded into probe, inserted
in interface at GC oven temperature at 30° and interface at
room temperature, GC oven then cooled to -40°. The interface
temperature then raised to 280° and held 5 minutes without
firing probe and GC sequence started; -40° for 6 minutes,
purge off 5.5 minutes; 6°/min to 50°, 5¢/minute to 150,

8° /min to 280°, final hold 22.75 minutes. Injection port
maintained at 280¢, column same as that used for liquid
samples. For pyrolysis, GC conditions were the same, except
probe was fired (550° and 900°¢ - 40 seconds) after the
interface tempeature was achieved and GC sequence begun
immediately after probe firing.

Filtration and extraction of oxidation products:
Stressed fuel samples filtered with Whatman® 47mM GMF 150
grade binder free glass filters. Filtered fuel was saved for
extraction. Filters washed with heptane and partially dried
by maintaining air flow for 15-20 minutes. Gums were defined
as material dissolved from the filter by acetone washing.
Material not soluble in acetone was classed as solids. After
difficulty in obtaining useful information from acetone
soluble gum samples, "gums and solids" were dried in vacuo
(20-20 torr, 80°C) 36-48 hours and analyzed by thermal
desorvtion and pyrolysis - GC-MS. Oxidation products were
extracted from filtered fuel by solid phase and liquid-liquid
extraction. Solid phase (S.P.E.) was by 1.0 g silica gel
cartridges conditioned from methanol to heptane as per
suppliers recowmendation. Then, 10 mL filtered fuel dropwise
through S.P.X. cartridge, cartridge washed with 3 x 2 mL
portions heptane, purged with 100 aL air (syringe) and eluted
with 2mlL acetone. Alternate extraction was 10 mlL fuel
extracted with 3 x 2.0 umL methanol, extracts pooled and back
extracted with 3 x 2.0 mL heptane. Extraction done in 12 x
150 mL culture tubes, centrifuged and last traces of heptane
removed by pastuer pipette after centrifuging.

RESULTS AND DISCUSSION
A. Liquid Stressed Fuels
The affects of individual components of fuels are

conveniently investigated with a simple surrogate tuel, so
that the component source of isolated oxidation products from

stressed fuels can be identified. Concentration of oxidized
species is necessary to get sufficient fragment ions for
identification without chromatographic interference. Figure

2 shows a comparison of unstressed and stressed surrogate JP-
8. It is interesting to note that the alcohol and ketone
oxidaticn products can be identified without concentration in
this lightly stressed fuel but that they are frequently not
found in more severely stressed samples. The implication is
that they are either quickly oxidized further to products not
directly related to tetralin or that they are quickly
incorporated into deposits of more highly stressed samples.




Figure 3 is a comparison of extracted and unextracted samples
of unfiltered stressed surrogatc fuel samples. The stressed
fuel is brown colored and will form gummy deposits upon
standing. {The surrogate will form insoluble solids only
with extreme conditions of temperature and time.) The
relationship of oxidation products to source is fairly
straightforward: cyclooctancl from cyclooctane, hexadecanol
from hexadecane, 3-methylbenzylalcohol from m-xylene, etc.
Not so straightforward are the furanone derivatives and the
source would be questionable if not for a separate experiment
in which hexadecane was stressed for 40 hours at 200°C.
Analysis of extracted products of this experiment showed high
concentrations of the homologous series of carboxylic acids,
propanoic through decanoic, and the homologous series of 5-
alkyl-2-furanones, with smaller amounts of aliphatic alcohols
and alkanes greater than C-16{11},

B. Gums and Solids

Native gums and s8olids produced from the surrogate fuel
(or other fuels) consist mainly of fuel components that are
difficult to remove from the oxidation product matrix. The
deposits from the surrogate fuel are nearly completely
soluble in acetone but gas chromagraphy of such solutions
shows a very large envelope of inseparable peaks at long
retention time and high oven temperature. Pyrolysis of dried
solid produces chromatogram of alkenes, alkanes and
aromatics, but little to indicate the true nature of the
deposit. A typical pyro-chromatogram is shown in Figure 4.
Pyrolysis at 450°C, even for 40 seconds does not yield wmuch
information, perhaps because of "glazing” and encapsulation
of the sample. Thermal desorbtion for five minutes at 280°C
gives a chromatogram of a large number of well resolved
peaks. The reason for the separability of deposit components
from a thermally descrbed sample versus inseparability of
components of a solution sample can only be speculated on at
this time: The deposit could be relatively simple compounds
bonded only by weak attractive forces or ¢ould result frce
thermally labile covalent bonds such as hewmia:ec“al or csuer
that are disrupted by decarboxylation. Figure § is a
chromatogram of JP-8S deposits obtained by thermal desorbtion
from the acetone insoluble portion of a ssmple stressed 20
hours at 175*C. 1In spite of acetone washing and 48 hours
vacuum drying at 80°C, the largest component is hexadecane.
A series of carboxylic acids are identifiable by their poor
peak shapes. The large "hump™ at about 40 minutes R.T. is 2,
5-dihydrofurandione, with several co-eluting components.
Phenols are found at 37.15 and 69.57 minutes and substituted
dihydrofuranones at 70.21 and 74.56 minutes retention times,
The large peaks at about 72 minutes include hexadecanones but
bave not been positively identified. Other peaks arise from
aliphatic aldehydes, alcohols, alkenes, alkanes and ketones.
Few aromatic compounds can be identified. Preliminary work
with deposits from real fuels iodicates that there is a great
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deal to be learned from this method of analysis. One fuel
produces insoluble, crystal like deposits, while deposits
from the other tend to be soluble gums. The difference in
the deposits, by thermal desorbtion-GC-MS, is a high
concentration of substituted phenols from the crystalline
deposit. This fuel also seems oxidation resistant but
deposition prone. It is hoped that future work will reveal
the nature of deposits and deposition from stressed fuels and
contribute to development of more thermally stable fuels.
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Table I. SURROGATE JP-8 COMPOSITION

Peak# Ret. Time#* COMPOUND Wt.% D(g/cc) bp. (C)

1 9.07 isooctane 5.0 .690 98

2 10.27 methylcyclohexane 5.0 .770 101

3 15.98 m-xylene 5.0 .868 138

4 18.40 cyclooctane 5.0 .834 151(740) "
5 21.71 decane 15.0 .730 174

6 23.38 butylbenzene 5.0 .860 183

7 25.58 1,2,4,5-tetramethylbenzene 5.0 .838 197

8 27.06 tetralin 5.0 .973 207

9 28.74 dodecane 20.0 .749 215
10 31.87 1-methylnaphthalene 5.0 1.601 240 -
11 34,74 tetradecane 15.0 .763 252
12 40.01 hexadecane 10.0 .773 287

IWSFUEL MS-GC Conditions

Tablé II: COMPARISON OF SURROGATE AND AUTHENT1C JP-8 FUELS

JP-~-8
TEST SURROGATE WPAFB
JP-8 TANK S§-15

P1319 Arosatics, Vol % 22.0 22.0
D1319 Olefins, Vol % 0.0 2.7
D2887 Distillation Initial Boiling Pt. Deg C 92 124
D2887 Distillation 10% recovered, Deg C 135 160
D2887 Distillation 20% recovered, Deg C 169 173
D2887 Distillation 50% recovered, Deg C 205 212
D2887 Distillation 90X recovered, Deg C 255 258
D2887 Distillation End Point, Deg C 286 296
D1298 Density, kg/l 0.800 0.811
D93 Flash Point, Deg C 26 59
D2386 Freezing Point, Deg C -14 -54
D445 Viscosity @ -20 Deg C, cs 3.9 3.9
D3338 Net heat of Combustion, MJ/kg 43 .1 43.1

D3343 Hydrogen Content, Wt % 13.7 13.6
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EXPERIMENTAL STUDIES ON DEPOSIT FORMATION
IN JP FUELS AT HIGH TEMPERATURES

OBJECTIVES

The main objective of the Purdue Subcontract was to obtain baseline experimental
data on the effects on deposition rates of the following parameters.

Fuel Chemical Properties
Fuel Additives

Surface Composition
Fuel Physical Properties
rlow Conditions

It was known at the outset that none of the existing experiinental techniques for the
assessment of fuel thermal stability was satisfactory. All were of the "pass/fail" variety
or were prone to inaccuracies and inconsistencies in the results obtained. It was
imperative, therefore, to develop new and improved laboratory techniques to meet tke
requirements of the contract. Much time and effort has been spent throughout this
investigation in designing suitable techniques to meet the various test requirements, and
in the continual development and refinement of those techniques. Consequeutly, they
are described in great detail in the following sections.

EXPERIMENTAIL METHODS

The problems arising from the thermal decomposition of aviation fuels are
manifested in different ways depending on the temperature-time history of the fuel, the
local fuel and wall temperatures, and the flow conditions of pressure, velocity, and
turbulence. Thus no single technique for the assessment of fuel thermal stability can
hope to ackieve universal acceptance.

Much of the experimental data published in recent years in the area of fuel thermal
stability was obtained using the "constant heat flux" method as developed at the United
Technology Research Center (UTRC) [1,2]. Anaiysis of this method revealed some
drawbacks which provided the incentive for tha deielopiuent of the Purdie "fuel
recirculation” and "single-pass” techniques. All of the reseaich carried ovd al Poodue in
the fulfillment of this subcontract employed one of these two techniques.

UTRC CONSTANT-HEAT-FLUY. METHOD

In this method, fuel flows through a 2.4 m length of thin-walled tubing (2.37mm
internal diameter) that is heated by an electric current passing through it. Siuce the
electrical resistance of the tube material does not vary significantly with temperature,
the local heat flux remains sensibly coastant along the tube. After completion of the
test, the tube is cut into short sections and the mass of carbon in each section is
determined. A significant feature of this technique is that, because the local heat flux
remains constant, the thermal resistance created by the presence of deposit on the inside
wall of the tube causes the outer wall temperature to increase locally. This means that
the local wall temperature is always a function of the local deposit thickness; where the
deposit. is thicker, the wall temperature must be higher to maintain the same heat dux
through the tube wall. Iu some cases, the buildup of deposit during an extended test
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run can create wall temperatures as high as 1000K. Such high wall temperatuies are
unrealistic from a practical standpoint, nor do they have any fundamental significance
because, once a substantial thickness of deposit has accumulated, the local wall
temperature bears no relationship to either the local fuel temperature or the temperature
of the soft carboneous material formed at the interface between the solid deposit and the
flowing fuel.

CONSTANT-WALL-TEMPERATURE METHODS

Two different methods for assessing the thermal stability of liquid bydrocarbon fuels
have been duveloped. A key feature of both methods is that the heated tube through
whizn tue fuer is pasiid is maintained at a constant temperature throughnvt the test.
This is in marked contrast to the constant-heat-flux approach whereby the heat flux
through the wall is kept constant and the wall temperature is allowed to rise as deposits
build up on the inner tube wall.

Research carried out using this method has employed sz closed-loop system in which
the fuel under test is recirculated continuously through a heated tube for periods ranging
from 6 to 22 hours. The other system is a single-pass device whereby the test fuel flows
only once through the heated tube and is then discarded. With both methods, the rates
of deposition cn the tube walls are measured by weighing the tube before and after each
test.

Recirculation Method

During the course of this contract, various modifications to the criginal apparatus
were made as part of an ongoing effort to improve the accuracy and consistency of the
experimental data, and to provide the best simulation of the deposit formation process
in a real aircraft situation. The apparatus in its present form is shown schematically in
Fig. 1[3]. [Note: Fig. 1[3] means that the figure in question appears as Fig. 1 in reference
3 which is presented in complete form as an appendix to this report, thus avoiding
needless duplication of figures.] It is a closed-loop system, designed te recirculate fuel
over wide ranges of temperature, pressure, and flow rate. The major components are the
pump, accumulators to contain the test fuel, a fuel heater, a heated test section, a fuel
cooler, a flow meter, and another meter for monitoring the pressure drop across the test
section. In operation, the test fuel flows from a high-pressure accumulator through the
flow meter and fuel heater into the test section; from the test section it flows via a water
cooler into the low-pressure accumulator. The function of the pump is to transfer fuel
from the low-pressure accumulator to the high-pressure accumulator. The pressures in
both accumulators can be set to any desired values, up to a maximum of
4.1MPa (600 psia), by using air from a high-pressure container. The fuel heater is in
close proximity to the test section in order to minimize the amount of time the fuel
spends at high temperatures outside the test section. The fuel cocler is fitted
immediately downstream of the test section for the same reason. Typically, the fuel is
returned to the low-pressure accumulator at a temperature of around 340 to 350 K.

The main component of the test section is a thin-walled stainless-stzel tube whose
principal dimensions are: length, 152mm; outer diameter (0.D.), 3.07mm; and inner
diameter (I.D.) 2.15mnm. This tube is clamped between two ccpper segments, as
illustrated in ¥ig. 2[3]. The semicircular grooves cut into the two copper sczments are
designed to provide good thermal contact between the tube and the copper segments
when the latter are clamped together. A number of thermocouples are threaded through
one of the copper segments in such a manner that in operation the thermocoupie beads
are pressed tightly against the stainless-steel tube. These thermocouples are used to
measure tube-wall temperatures at inlet and outlet, and at four equispaced stations in-
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between. Fuel temperatures are measured only at the tube inlet and outlet. The
stainless-steel tube is heated by using between one and four 1,000W electrical rod
heaters which are inserted into holes drilled into the copper segments, as shown in
Fig. 2[3]. This arrangement ensures that the tube is heated uniformly around its
circumference, even when only one electrical heater is operational.

For any given fuel, the fuel pressure and flow rate are set at suitable values and the
heaters for the fuel and test section are both switched on. During the fuel heatup
period, which is usually less than ten minutes, the flowing fuel bypasses the test section.
When the fuel and tube-wall temperatures have both attained the desired values, the
bypass valves are operated to divert the hot fuel through the test section. At the same
time the water supply to the fuel cooler is turned on.

The main advantage of this procedure is that it allows the start of the test to be
clearly defined. Another useful feature is the feedback between the fuel and tube-wall
thermocouples, and the fuel and test section heaters, respectively, which allows both fuel
and {ube-wall temperatures to be maintained at preset values within 1°C for the
duration of the test. This flexibility allows tests to be carried out on the influence of fuel
temperature on deposition rates while maintaining a constant wall temperature.
Alternatively, fuel temperature can be kept constant to permit the separate effects of
variations in wall ternperature on deposition rates to be studied.

Deposition rates are determined by weighing the tube before and after each test.
The fuel supply connections at both ends of the tube are sealed using graphite ferrules.
These ferrules are broken off after each test to reduce weight and thereby increase the
ratio of deposit mass to tube mass. The weight of the tube is around 4000mg. The
deposits usually weigh between 2 and 20mg (depending on the fuel composition and test
conditions) but, for very high temperatures, the deposit can weigh as much as 100mg.
As the balance employed has an accuracy of within 0.1mg, the weighing procedure is
considered capable of giving saticfactory results.

One of the most important aspects of the test procedure is the treatment of the test
tube both before and after each test run. Before weighing the tube prior to test, it is
exposed to a welding torch flame to remove any oil or grease remaining from the
extrusion process used to manufacture the tube. After the tube has been immersed in a
solvent (stanisol) for 24 hours, it is "dried” by flowing heated air through it for a few
minutes. It is then allowed to dry naturally for another 24 hours before being weighed
for the first time. Twenty-four hours later the tube is weighed again; this process is
repeated until the tube weight indicates a constant value to within 0.img. Tube
treatment after the test 13 even more important and more critical to the repeatability
and accuracy of the experimental data. The procedure now being used is based on
detailed considerations of all the factors that experience bas shown can influence the
results obtained. After each test, the fuel is drained from the system and the test section
is allowed to .ool to a temperature of around 450K. Where necessary, water cooling is
applied to the copper segments to accelerate the cooling process. Experieuce has shown
that if the tube-wall temperature is too high (>>470K), any residual fuel remaining in the
tube will "bake" onto the wall, thereby creating more deposit. On the other hand, if the
wall temperature is too low («<<430K), the residual fuel dces not fully evaporate but is
gradually absorbed into the porous structure of the deposit. When the tube-wall
temperature has fallen to 450K, heated air is passed through the system for around five
minutes. This air bypasses the test section, but the valve at the downstream end of the
test section is left « pen so that air and vapor are drawn continuously out of the tube by
the ejector action of the flowing air. The test section is then allowed to cool to normal
room temperature, after which the tube is removed from the test section and placed in a
vertical position to dry naturally for 24 hours before being weighed for the first time.
This weighing procedure is rvpeated every 24 hours uniil the difference between two
consecutive weights is within 0.1mg. For small deposits, 48 hours of natural dryiug in a
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vertical position is usually adequate but, for larger deposits, up to 144 hcurs mzy be
needed (as illustrated in Figs. 3‘13] and 4[3] for two aviation kerosene fuels). Some
typical results obtained using the fuel-recirculation technique are shown in Fig. 5[3].

Single-Paas Method

The main advantages of the fuel-recirculation method described above are that it
requires only a small amount of test fuel and it simulates quite closely the deposition
process in an aircraft fuel system. However, it is less attractive for basic studies on the
effects of fuel composition, fuel temperature, tube-wall temperature, and Reynolds
number on deposition rates due to the gradual depletion witk time of the oxygen
contaiaea 1n the fuel. To provide more basic information on the effects of fuel properties
and tiow conditions on deposition rates, a single-pass flow systern has been designed and
tested. The main features of this new facility are shown in Fig. 6[3]. Tke main
components are feed tanks (which contain the test fuel), a fuel heater, a heated test
section, a flow meter, and another meter for monitoring the pressure drop across the
section. In operation, the test fuel lows through the flow meter and fuel heater, into the
test section, then into a capture tank. The pressure can be set tc any desired value, up
to a maximum of 4.1MPa (600psia), by using air from a high-pressure container.

The test section, instrumentation, tube preparation, and weighing procedures are
virtually identical to those employed in the recirculation method. For any given fuel,
the fuel presure and flow rate are set at suitable values and the heaters for the fuel and
test section are both switched on. During the fuel heat-up period, the flowing fuel
bypasses the test section. When the fuel and tube-wall temperatures have both attained
the desired values, the bypass valves are operated to divert the hot fuel through the test
section. Deposition rates are again determined by weighing the tube before and after
each test. The deposits usually weigh between 2 and 20mg, depending on the fuel
composition and test conditions. Generally, it is found that 10 to 15 U.S. gallons of fuel
are required for each test, as compared with 1.5 U.S. galions for the recirculation
method.

At an early stage in the development of a suitable test facility for the assessment of
fuel thermal stability, it was recognized that the cleanliness of the fuel preheater could
influence the amount of deposit formed in the test tube. To minimize this potential
problem, the following routine cleaning procedure was devised. After each test run, the
fuel preheater is switched off and the test section bypassed; however, fuel is still allowed
to flow through the system to absorb the heat remaining in the preheater tube. In this
manner, the preheater wall temperature gradually declines until the fuel acquires a
temperature which is appreciably lower than its temperature during an actual test.
After the fuel temperature at the outlet of the preheater has fallen to between 300 and
340K, cleaning air is directed through the system with the prebeater switched on. This
air is heated to around 470K in the preheater and flows out at fairly high velocity. The
purpose is to remove any deposit formed on the preheater wzlls during the test run by
reheating the preheater tube in the presence of hot flowing air. 'Chis procedure usually
takes from 20 to 30 minutes, and is repeated several times until the system ia considered
clean encugh to have no influence on the deposit formed in the test tube during the next
test run. Essentially, the procedure consists of two steps; a) using fuel to absorb the
residual heat in the preheater, and b) using air heated by the preheater to remove the
deposit from the prebeater wall. This cleaning procedure is checked periodically by
dismantling the preheater tube and inspecting its surface for any trace of deposit. No
deposit has yet been found, so the cleaning procedure is considered satisfactory.

Some of the data obtained using the single-pass technique are prese_n_tecl in Fig. 5(3].
This figure shows the influence of tube-wall temperature on deposition rates for a
kerosene-type fuel flowing at an inlet temperature of 523K, a flow rate of 100 ml/min,




and a pressure of 0.69MPa (100 psia). It should be noted that this pressure would be
considered too low for tests on more volatile fucls. To prevent fuel boiling or partial
vaporization at high-fuel-temperature conditicns, tests are normally carried out at a
pressure of 2.52MFa (350psig). Correspcnding data obtained by the recirculation
method are shown in the same figure for the purpose of comparison. It is clear from
Fig. S[3l] that the recirculation method gives the lowest deposit rate, particularly when
the wall temperature is higk. If the objective were to simulate the situation in an
aircraft fuel system involving partial recirculation of fuel back to the wing tank, the
single-pass mode would indicate a higher deposit rate than would be obtained in
practice.

RELATIVE MERITS OF DIFFERENT METHODS

Although the constant-heat-flux method has been used extensively to determine the
thermal stability and heat transfer characteristics of aircraft fuels, it has a drawback in
that over most of the tube length the local wall temperature changes markedly during
the test period. The constant-temperature method is free from this defect because the
wall temperature is controlled to within 1°C of the nominal value throughout the entire
test period. This means that the heat transfer fromn the wall to the fuel diminishes with
the buildup of deposit, which is exactly what happens in aircraft fuel systems and engine
fuel nozzles. Also, exercising separate control over fuel and wall temperature allows the
effects on deposition rates of variations in these two parameters to be clearly
distinguished.

The fuel-recirculation method provides the closest simulation tc the actual conditions
in an aircraft fuel system. Although aot shown in Fig. 1[3], the test facility does in fact
incorporate provisions to allow the system to operate in a partial recirculation mode,
whereby part of the total fuel low passes through the test section and the remainder is
heated but then diverted back into the fuel tank. This mode of operation has the
potential for providing an even better simulation of the actual aircraft fuel system, but
no systematic measurements of deposit rates have yet beer carried out using this
approach.

A major gsset of the recirculation method is its very low fuel requirement of only
1.5 U.S. gallons per data point. This represents an appreciable savings in cost, and is
particularly advantageous wher using specially prepared expeunsive test fuels or other
fuels that are in short supply. Its main drawback is the gradual depletion of fuel-
dissolved oxygen throughout the test. This deficiency can be alleviated by continuously
bubbling small quantities of air into the fuel contained in the low-pressure accumulator.
The system employed is shown schematically in Fig. 1[{3]. The air injection tube is
located near the bottom of the low-pressure accumulator, and air is bubbled into the
fuel through 20 holes, each 0.5mm in diameter. However, although this simple systemw
functions efficiently as an oxygen-replenishment device, it introduces another variable
into the system. Figure 7[31 shows measured values of deposition rates for a light fuel oil
at three different. air-bubbling rates. The general tendency is for deposition rates to
increase with an iacresse in air flow rate, the effect becoming less pronounced at the
higher air flow rates.

In practice, a few preliminary tests were carried out to determine the air-bubbling
fow rate needed to ensure that the recirculation method gives the same deposition rate
as the single-pass method for the same fuel and test conditions. This procedure virtually
eliminates the problem of oxygen depletion which hitherto has been regarded as a
deficiency of the recirculation method.

There are other ways in which the dependence of deposition rate on air-bqbbling flow
rate can be used to advantage. For example, when carrying out comparative tests on
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different test fuels, the fue! which is anticipated to have the highest thermal stability is
usually known at the outset. An air-bubbling flow rate is then established for this fuel
which is the minimum needed to produce a small but accurately measurable deposit.
This same bubbling rate is then used for the remaining test fuels.

The recirculation and single-pass methods both have good potential for providing
fairly precise information on the thermal properties of the deposits that govern the rate
of heat transfer between the flowing fuel and the adjacent tube wall. Figure 8(3)
illustrates the manner in which the temperature rise experienced by the fuel as it flows
through the heated tube varies with time. Initially the tube wall is perfectly clean and
the fuel temperature rise is relatively high. With the passage of time, the accumulation
of deposit on the tube wall creates a thermal barrier between the tube and the flowing
fuel which gradually diminishes the heat flux from the tube to the fuel, thereby causing
a continuous decline in the temperature rise of the fuel, as illustrated in Fig. 8[3].

If more were known about the physical structure and thermal properties of the
deposit, deta of the type shown in Fig. 8(3] could be used to develop an elegant and
accurate method for the measurement of deposition rates. Even without this
information, these data are of interest and value to the designers of fuel/oil heat
exchangers. Not only do they illustrate the manner in which tke slow but continuous
buildup of deposit leads to a gradual reduction in the amount of heat transferred to the
fuel, but they also enable this deterioration in heat transfer efficiency to be determined
quantitatively.

In sumroary, the "constant-wall-temperature” recirculation and single-pass methods
have significant attributes for both fundamental and practical studies on fuel thermal
stability. Both methcds were used in this program to study the effects of fuel
composition and flow cunditions on deposition rates.

INFLUENCE OF FUEL PREHEATER ON DEPOSITION RATES

A series of tests was carried out to examine the effect of the cleanliness of the
preheater system on the measured rates of carbon deposition in the test tube. It has
been argued that the same mechanisms that are responsible for the deposits formed in
the test tube might also cause some deposition to occur on the inner surface of the
preheater tube. Any such deposits would pose no problem provided they adhered to the
wall; however, the question was raised as to whether some of the deposited material
might become detached from the wall and flow out of the preheater and into the test
tube, either during a test run or soon after shutdown. Should this occur, some of these
prebeater deposits might adhere to the test-tube wall, thereby causing an erroneous
measurement of the deposits formed solely within the test tube.

To investigate this possibility, the follcwing test runs were made.

1. Measurements cf deposition rates were made after a five-hour run, ten-hour run,
and fifteen-hour run. Test tubes that were initially clean were used in all three
tests.

2. An initially clean tube was run for five hours. After cleaning the preheater, the
same tube was run for another five hours. -

3. An initially clean tube was run for ten hours. The preheater was cleaned and the
same tube was run for another five hours.




All tests were carried out with kerosene fuel at the following conditions.

Fuel temperature = 473K
Wall temperature = 473K
Pressure = 350 psig

Fuel flow rate 150 ml/min

The test tubes employed were manufactured from stainless steel (400 series) to the
following dimensions

L.D. = 2.59mm
0.D. = 3.08mm
Lepgth = 174mm

The resulis obtained are shown plotted in Fig. 1. They demonstrate that the mass of
deposits formed within the test tube increases linearly with time regardless of the
number of times the preheater is cleaned during the total test period. These results
suggest that, providing the preheater is cleaned at the end of each test run, the problem
of preheater deposits becoming detached and adhering to the test tube should not arise.

IRNE%gg’NCE OF FUEL TEMPERATURE HISTORY ON DEPOSITION

Under certain aircraft operating conditions, it is possible for the fuel to be heated
and cooled several times before being finally consu.ned in the ergine combustor. Tkus,
the question arises as to what extent deposition rates are affected by a fuel's preheating
history. Tests to examine the influence of previous fuel heating on deposition rates were
conducted using the single-pass test facility. The fuel employed was a light hydrocarbon
blend with physical and chemical properties that lie between those of kerosene and DF2.
The amount of deposition formed was obtained by weighing the test tube before and
after each test run. A clean tube was used for each test.

The test-tube-wall temperature was maintained at the same value as the fuel
temperature. Throughout the entire test program, the pressure aand fuel flow rate were
maintained at constant values of 350 psig and 160 cc/min respectively.

The results obtained are shown in Fig. 2. At the lowest fuel tempernture xominad
(413K), the amount of deposit formed was extremely small, even thiough tho {est
duration was extended from the standard value of five hours to 15 ho'ia, At +his low
temperature, the average deposition rate was always less than 2 ug/cm?.hr, regasdless of
the amount of fuel prebeating. Raising the fuel temperature to 472K and then to 522K
produced the results shown in the upper part of Fig. 2. For a fuel temperature of 473K,
the average rate of deposition was around 250 ug/cm?.hr. Increasing this temperature
by 50K to 523K caused a dramatic increase in the amount of deposit formed (as shown
in Fig. 2), further highlighting the important effect of fuel temperature on deposiiion
rates. For clean, new fuel, the average deposition rate over a five-hour period was
2000 ug/cmz.hr. For fuel which had been subjected to three previous preheatings, the
average rate of deposition was 7,500 ug/cm?.hr. The general conclusion to be drawn
from these tests is that previous preheating history has little or no effect on deposition
rates at low fuel temperatures (approvimately 413K). With an increase in fuel
temperature, the effect of previous fuel heating becomes more significant. For a fuel
temperature of 523K, the rate of deposition for a fuel which has been heated to the same
temperature on three previous occasions is almost four times higher thao for new fuel.




It is believed that two different mechanisms are responsible for the trends shown in
Fig. 2. One is the gradual depletion of the oxygen contained in the fuel. During the 12-
hour period that the fuel "sits”" between each test rum, it recovers from the atmosphere
some, but not all, of the oxygen consumed in the previous test run. This gradual
reduction in fuel oxygen content tend: to reduce the rate of deposition. However, at
high fuel temperatures this effect is outweighed by the production of intermediate
products which remain in the fuel after each test. The concentration of these
dehydrogenated products increases with each test run. Thus, when the fue! has been
heated more than once, the deposition rate is enhanced by the residual intermediate
products from previous test runs.

The presence of these intermediate products is indicated by a discoloration of the
fuel. Fuei which has not encountered temperatures higher than 413K retains its original
color regardless of the number of test rums. At higher fuel temperatures, the fuel
gradually becomes darker as the number of test runs is increased. This is especially true
for the fuel heated to 523K. Samples of the fuel, before and after each test run, have
been retained should a chemical analysis be considered desirable at some future date.

In a related series of experiments, carried out several months after the tests reported
above, tbe effect of preheater exit fuel temperature on deposition rates was examined. In
all runs, the fuel temperature at entry to the test section was maintained constant at
473K and equal to the tube-wall temperature. For the first test, the preheater exit
temperature was also 473K. However, for the next two tests, the fuel temperature at the
preheater exit was raised to 513K in one case and to 553K in the other. In both cases
the fuel was water-cooled to 473K at entry to tle test section. The results of these
experiments are shown in Fig. 3.

From inspection of this figure, it is clear that a fuel’s recent temperature history has
a small but noticeable effect on deposition rates. For a preheater outlet temperature of
473K, the deposition rate is around 30 ug/cmz.hr. Raising the preheater exit
temperature from 473K to 513K and then to 553K caused deposition rates to first
increase to 40 ug/cm?.hr., then decrease to 20 ug/cm?.hr. This result is fully consistent
with all other observaiions on the effect of fuel temperature on deposition rates. An
increase in fuel temperature is always accompanied by an increase in deposition rates
until a certain critical temperature is reached beyond which any further increase in fuel
temperature causes deposition rates to decline. The reason for this occurrence is
discussed in a subsequeat section which deals specifically with the effect of fuel
temperature on deposition rates.

EFFECT OF TUBE-WALL TEMPERATURE

The important role played by temperature in the processes of fuel thermal
degradation and deposit formation has been known for some time. In view of the prime
importance of temperature to fuel thermal degradation and deposit formation, it is
somewhat surprising to find in the literature that in most experimental studies the only
temperature recorded is either fuel temperature or wall temperature but not both. In
some reported studies on the influence of temperature on thermal stability, it i3 not clear
whether the temperature under consideration is that of the fuel or the wall. Thus, it is
easy to understand the considerable scatter that tends to characterize reported
experimental data on the effect of temperature on deposition rates.

The influence of wall temperature on deposition rautes has been examined by several
workers. TeVelde and Glickstein [1] used a heated-tube apparatus to evaluate the
thermal stability characteristics of four liquid hydrocarbon fuels: a low aromatic JP 5, a
blend of 80 percent JP 5 and 20 percent cracked-gas oil, a blend of 50 percent JP 5 and
50 percent No. 2 heating oil, and a shale-derived JP 5. Deposit formation rates were




obtained for tube-wall temperatures ranging from 480 to 800K. The deposition
characteristics of all four fuels were found to ve vey sensitive to wall temperature, with
peak formation rates occurring at surface temperatui.s around 650 K, as illustrated in
Fig. 4[4]. Examination of these data led TeVelde and Glickstein to the conclusion that
the effect of tube-wall temperature on deposit temperature was "similar for all four fuels,
that is, formation rates increased rapidly with increasing surface temperature up to
approximately 700 to 750°F (644 to 672K) and then decreased with further increases in
surface temperature.”

This result, along with other data in the literature obtained using the constant heat
flux method, all suffer from the drawback that they were acquired under conditions for
which it is difficult to differentiate between the effects of wall temperature and fuel
temperature on deposition rates. In reality, the shape of the curve shown in Fig. 4[4]
may more aptly describe the effect on deposition rates of variations in fuel temperature
than variations in wall temperature. In fact, for this particular apparatus, after several
hours of operation ‘h=z local wall temperature at any point along the tube length is much
more indicative of the iocal deposit tl.'ckness than the local rate of deposition.

The Purdue constant-wall-temperature methods are free from these defects. The fuel
temperature at entry to the test tube is governed by a preheater and is accurately
controlled to within 4+ 0.5°C. The temperature rise experienced by the fuel as it flows
through the tube is always quite small and seldom exceeds 10°C. The tube-wall
temuperature is always maintained ai a constant value throughout its entire length. By
exercising separate control over fuel and wall temperatures, the effects on deposition
rates of variations in these two parameters car be clearly distinguished.

Some of the results obtained with this apparatus on the effect of wall temperature on
deposition rates are shown in Fig. 6(4]. They iliustrate the effect of wall temperature on
deposition rates for & JP 8 fuel at a constant temperature of 523K. The data are
consistent with all other data obtained with this apparatus in showing a continuous
increase in deposition rate with an increase in wall temperature for a constant fuel
temperature.

The effect of wall temperature on deposition rates is further illustrated by the results
obtained using a kerosene-type fuel containing 48 percent aromatics, as shown in
Fig. 7[4). These results clearly demonstrate the marked influence of wall temperature on
rates of deposition and also show that this influence becomes more pronounced when an
increase in wall temperature is accompanied by an increase in fuel temperature. This
highlights the need for separate control of fuel temperature in experimental studies oa
the effect of wall temperature on deposition rates.

EFFECT OF FUEL TEMPERATURE

The considerable body of research carried out on fuel thermal stability has yielded
much useful information on the various mechanisms involved in the fuel degradation
process, and also on the .nanper and extent to which thermal oxidation stability is
influenced by the physical and chemical properties of the fuel. Thus, it is now known
that, for conventional aviation fuels, the degradation process normally stems from
oxidation of the fuel by dissolved oxygen in the fuel. This is the primary mechanism in
initiating deposit formation. Oxidation products subsequently react with minor fuel
constituents and with each other to generate the insoluble materials that deposit on fuel
system surfaces. At fuel temperatures higher than around 700K, fuel pyrolysis starts to
influence deposition rates and, with further increases in fuel temperature, the reaction
mechanism gradually changes from oxidation-controlled to pyrolysis-controlled which
cauges the rate of deposition to decline. Thus, in discussing the influence of temperature
on deposit formation, it is important to bear in mind that the fuel temperature
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determines which reaction mechanism is dominant (oxidation or pyrolysis) not the tube-
wall temperature.

The pronounced effect of fuel temperature on thermal stability is well illustrated in
Fig. 8{4]. The results shown in this figure generally confirm the findings of all previous
studies on the influence of fuel temperature on thermal stability. They show, for all
three fuels, that deposition rates are relatively low for fuel temperatures below around
400K, but rise steeply with increases in fuel temperature above around 5060K. From
inspection of Figs. 7[4] and 8[4], it is clear that, over the ranges of fuel and wall
temperatures investigated, both of these parameters strongly affect thermal stability
although the influence of fuel temperature is more pronounced than that of wall
temperature. However, it should be noted that the apparcnt dominance of fuel
temperature over wall temperature inay be due in some measure to the fact that the
thermal degradation reactions are influenced by fuel temperature throughout the whole
test period, whereas wall temperatures can affect these reactions only during the much
shorter residence time of the fuel in the test section.

Another explanation for the observed strong influence of fuel temperature is that
deposition rates are governed primarily by the temperature of the fuel in the relatively
slow-moving boundary layer near the tube wall. This temperature is dictated mainly by
the bulk temperature of the fuel (as illustrated in Fig. 8[4]) but is also strongly affected,
albeit to a lesser extent, by the adjacent wall temperature which serves to raise or lower
the fuel temperature in the boundary layer depending on whether the wall temperature
is higher or lower than the fuel temperature.

As discussed earlier, for any given hydrocarbon fuel an increase in temperature
always results in increased deposition until a certain critical temperature is reached.
Above this critical temperature, whose value depends on several factors including wall
temperature and fuel composition, an increase in fuel temperature causes the deposition
rate to decline. Due to their relatively high thermal stability and the temperature
limitation of the test facility, it was not possible to establish critical temperatures for the
aviation fuels employed in this test program. However, the existence of this initial
temperature cou!d be demonstrated by switching to a fuei of appreciably lower thermal
stability, as shown in Figs. 4 and 5.

Both figures show deposition rate plotted against fuel temperature for a light diesel
oil. In one case, the fuel and wall temperatures were maintained at the sarne values so
that an increase in fuel temperature was always accompanied by a corresponding
increase in wall temperature; in the other case, wall temperature was kept constant at
623K, regardless of variations in fuel temperature. Although the number of data points
in these two figures is insufficient to define the initial temperatures with any degree of
certainty, they do suffice to demonstrate the existence of a critical temperature. Below
this temperature, deposition rates are oxidation-controlled and, therefore, increase with
an increase in temperature; above the critical temperature the deposition rates become
increasingly pyrolysis-controlled and, consequently, lower.

INFLUENCE OF FLOW CONDITIONS

The work described in this report, along with many other studies carried out over the
past 20 years, have provided a considerable body of information on the effects of fuel
temperature, wall-surface temperature, and fuel composition on deposition rates. In
contrast, the fluid dynamic aspects of the thermal stability problem have received
comparatively little attention. The work described below represents an attempt to
remedy this deficiency. It has direct application to the design of fuel injectors for gas
turbine engines and, in fact, this phase of the project received some financial support
from the Parker Hannifin Corporation of Cleveland, Ohio.




The single-pass test rig shown in Fig. 1[5] was chosen for this study. The relevant
properties of tke two fuels employed, DF-2 and Jet A, ate given in Table 1[5]. The flow
vuriables of principal interest for their influence on deposition rates are the pressure,
temperature, and Reynolds number of the flowing fuel. The effect of fuel temperature
has already been examined in some detail; therefore, the investigation focused on the
effects of pressure and Reynolds number.

PRESSURE

In general, the results contained in the literature show little effect of fuel pressure on
deposition rates. Vranos and Marteney [6] found no effect of pressure on deposition rates
for No. 2 home heating oil or for Jet A fuel when the pressure was higher than
1.5 MPa (218psia). Marteney and Spadaccini (2] also reported for JP § fuel that a wide
variation in pressure from 1.72 to 5.5 MPa (250 to 800 psia) had no effect on deposit
formation rates. High pressure deposition tests were also conducted and reported by
Roback et al.J7]. The fuel pressures generally exceeded 13.8 MPa (2000 psia). The
results showed no significant change in wall temperature as a consequence of increasing
pressure, suggesting that the rate of deposit formation was relatively independent of
pressure over the pressure range from 13.8 to 34 MPa (2000 to 4930 psia). However,
Watt et al. [8] reached rather different conclusions. According to these workers, the
inBuence of fu:l pressure, while not entirely consistent from fuel to fuel, was to diminish
both local and total depcsits with increasing pressure.

Some of the results obtained on the effect of pressure using DF 2 as the test fuel are
shown in Fig. 2(5]. The data contained in this figure were obtained using a 400 series
stainless-steel tube of length 152mm, O.D. 3.08mm, and LD. 2.59mm. They show the
average rate of deposition in ug/em?.hr plotted against fuel pressure for a fuel flow rate
of 250 ml/min and a test duration of six hours.

It is clear from Fig. 2(5] that above a certain minimum pressure the deposition rate is
independent of fuel pressure. For the DF2 fuel used in these experiments, this minimum
pressure is around 0.8 MPa (115 psia). A limited number of tests carried out on other
fuels indicate that thL> minimum pressure may be higher or lower than 0.8 MPa,
depending on the temp rature and volatility of the fuel. In general, the minimum
pressure above which pres;ure has no effect on deposition rates decreases with increases
in fuel temperati ze and/or fuel volatility. This suggests that the low deposition rates
associated with low fuel pressures may be the result of fuel boiling and the production of
fuel vapor. Autooxidation deposit formation rates are lower in the vapor phase than in
the liquid phase at the same temperature. Another effect of fuel boiling is to convert the
normally smooth flow of fuel through the test section into a two-phase, turbulent flow of
relatively high velocity. This produccs « vigorous scrubbing action at the tube surface
which tends to inhibit depnsition aud also remove any deposits that might otherwise
form on the surface despite the adverse conditions. However, it should be noted that
measurements of deposition rates for JF 4 and JP 5 fuels made by Szetela (9] led him to
an opposite conclusion. He found deposits to be higher for JP 4; he attributed this to
the fact that "boiling increases the deposition tendency." Clearly, the effect of fuel
boiling on deposition rates merits further investigation.

Further evidence on the insensitivity of deposition rates to variations in fuel pressure
above the critical value is presented in Fig. 3[5J. This figure illustrates the manner in
which the temperature rise experienced by the fuel as it lows through the heated tube
varies with time. Initially, the tube wall is perfectly clean and the fuel temperature rise
is relatively high. With the passage of time, the accumulation of deposit on the tube
wall creates a thermal barrier between the tube and the flowing fuel which gradually
diminishes the heat flux from the tube to tb: fuel, thereby causing a continuous decline
in the temperature rise of the fuel, as illustrated in Fig. 3[5]. Thus, the temperature rise
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of the fuel provides a useful indication of the amount of deposition on the tube wall.
Figure 3(5] shows that, for constant conditions of fuel temperature, wall temperature,
and fuel flow rate, pressure has no effect on deposition rates for DF 2 over a pressure
range from 0.8 to 2.5 MPa (115 to 363 psia).

REYNOLDS NUMBER

On aircraft fuel systems, as the fuel flows from the tank and through various engine
components into the fuel nozzle, it experiences a variety of flow conditions corresponding
to a wide range of Reynolds numbers. Therefore, it is of some practical interest and
importance to examine the impact of variations in this flow parameter on deposition
rates. For experimental purposes, Reynolds number can be varied readily by changing
one or more of the following:

1. mass flow rate (velocity),
2. tube diameter, and/or
3. fuel temperature.

Unfortunately, variations in fuel temperature not only serve to change the Reynolds
number, they also have a pronounced effect on the autooxidation reactions that promote
deposition. This leaves mass flow rate and tube diameter as the only two practical
options for achieving variations in Reynolds number. For the results presented in
Fig. 4[21; the variation in Reynolds number was accomplished by varying the fuel flow
rate. e four curves shown in this figure correspond to the following conditions.

(a) Fuel - DF 2
Tp = 473K, Tw =623K, P =2.5MPa
myp = 100 — 400 m!/min
Stainless-steel tube, 400 series. L.D. =2.59mm, O.D. = 3.08mm

(b) Fuel - DF 2
Ty = 413K, Tw =563K, P =2.5MPa
myp = 150 - 400 ml/min
Stainless-steel tube, 400 series. 1.D. = 2.59mm, O.D. = 3.08mm

(¢) Fuel - Kerosene
Tp = 523K, Tw =673K, P =2.5MPa
myfp = 50 - 200 ml/min
Stainless-steel tube (316) 1.D. = £.10mm, O.D. = 3.08mm

(d) Fuel-DF 2

Tp = 413K, Ty =413K, P =2.5MPa

myy = 150 - 400 mI1/min

Stainless-steel tube, 400 series. LD. = 2.59mm, O.D. = 3.08mm

Inspection of the above table shows that in Cases (a), (b), and {c) the wall

temperature was 150°C higher than the fuel temperature; in Case (d), the fuel and tube
wall were both at the same temperature. In all cases, regardless of fuel type, fuel
temperature, or wall temperature, it was found that the effect of variation in Reynolds
number on deposition rate (D.R.) could be expressed as:

D.R. = constant * Re®%® . (1)

The effect on deposition rates of a change in Reynolds number caused by a change ip
tube diameter is illustrated in Fig. 5(5|. This figure contains the same data shown as (d)
in Fig. 4[5], plus additional data obtained for the same fuel at the same conditions of

155




pressure and temperature, but with the tube I.D. increased from 2.59 to 4.60mm.
Figure 5(5] shows that both sets of data tend to fall on the same curve which conforms
to the relationship:

D.R. = 0.48 Re?®® . (2)

This increase in deposition rate with increase in Reynolds number is attributed to the
higher heat transfer between the wall and the fuel and the higher transverse velocity
components which are more effective in transporting material from the mainstream fuel
flow to the tube walls.

Interest is sometimes expressed in the amount of deposit produced by a given mass of
fuel. To examine this situation, a "deposit index" (D.1.) is first defined as:

mass of deposit per unit length of tube pg fem 3)

D.I. =
mass of fuel kg

Also, we have:
myF
dl/ * (4)

Re= 204 _ 4.
“ T

By appropriate combinations of Eqs. (1), (3), and (4), the following relationships
between D.R., D.l., and Reynolds number are derived:

D.R. o Re®® | (1)
D.I. « Re™®3% 41 and (5)
DR ,pe,. o

Figure 6[5] shows D.I. plotted against Reynolds number for DF 2 fuel flowing
through a 400 series stainless-steel tube having an ID. of 2.59mm and an O.D. of
3.08mm. One practical implication of the results presented ir Figs. 5(5] and 6[5] is that
for any given fuel flow rate a reduction in tube diameter will cause an increase 1n deposit
thickness. However, it should be noted that in these experiments on the effect of
Reynolds number on deposition rates, the flow velocily was always less than a few
meters per second. With continuai reduction in tube diameter, the scrubbing action
along the tube walls could eventually reach a point at which any further increase in flow
velocity would cause deposition rates to decline.

INFLUENCE OF THERMAL INSTABILITY ON FILTER DEPOSITS

In September 1981, some interesting results were obtained with the Wright-Patterson
Phoenix rig when testing additives of the detergent/dispersant type. When JFA-5 was
added te a fuel, it greatly reduced the deposits on the hot test section tube but
significantly increased the plugging of the cool filter downstream. To answer some of the
questions raised by this result, two fuels were examined: Jet A-1 without additive and
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Jet A-1 with additive (JF'A-5 11ug/liter) for their rates of deposition on fuel filters.

The test facility employed in this investigation is shown schematically in Fig. 6.
Preliminary tests soon revealed that in order to compare fuels fo- their effect on filter
deposits, close attention must be paid to system cleanliness. Only under conditions
where it is completely certain that nothing is deposited on the filter from the system
upstream can fuels be compared. Thus, a necessary conditions for any comparative test
is that there should be no deposits on the filter, nor any change of filter AP, when new
cold fuel is passed through the system and the filter.

It was also found that the porosity of the filter had a significant effect on the results
obtained. For example, when a filter of 230 um porosity was used, no change in AP was
observed regardlcss of the cleaning method employed. Also, no deposit was formed.
With a 230—um filter, the hole sizes arc so big that anything in the fuel, no matter what
its source, can always pass through the filter without producing any deposit. The fact is
that, the finer the filter, the cleaner the system must be to avoid any spurious deposit.

An analysis was conducted to shed light on the relationship between the deposit
formed (as shown by the filter weight increase, AW) and the change in pressure drop,
AP. The result of this analysis showed that the deposit formed after time t was related
to the maximum deposit formed by the expression:

AW 3 (Apt)o.s — (AP°)0'5 ’
AW (AP,)°% —1 : (7)

For the 60-pm filter, AP, is 1.5 psi for a flow rate of 150 ml/min. For a maximum
deposit weight of 90 mg, the curve of predicted deposit weight vs. pressure drop, AP,, is
shown in Fig. 7, along with the measured values. These results indicate that quite a
large amount of deposit car form in the 60-um filter without causing a significant
increase in filter pressure drop. Comparisons between fuels were made using two
different filter porosities of 2 and 60 um. For the 60-um filter, the system shown in
Fig. 6 was used, with the flow rate kept constant by frequent adjustment of the throttle
valve. By measuring both the change of pressure drop across the filter and the final
deposit weight (that is the weight increase of the filter element after the test), a
comparison between fuels could be made. For a 2-um filter, the system shown in Fig. 8
was used because it offered several advantages; (1) it reduced system effects to a
minimum, and (2) it had no throttle valve. As nothing was changed deliberately during
the test run, any change of flow rate was necessarily caused by deposit forrnition in the
filter resulting directly from contaminants in the fuel. These contaminants could only
have been generated by the prior heating of the fuel.

Compar’son between fuels can also be made by keeping the pressure drop constant
(AP = 350 psia) and measuring the change of flow rate with time, 2lso the final deposit
weight.

The results obtained with a 60-um filter showed that the additive JFA-5 reduced the
deposition rate significantly, in fact, by a factor of three. At the same time it increased
the filter deposit by 37 percent. The results obtained with a 2-um filter showed that for
the fuel with additive, the flow rate through the fiiter decreased more rapidly than for
the fuel without additive. It was also found that the minimum flow rate for the fuel
with additive was lower than for the fuel without additive. These results suggest that
used fuel containing additive (i.e., fuel that has been heated up to 473K with T,, = 473K
and then cooled to room temperature before passing through a filter) will produce higher
deposits in the flter.

From detailed measurements of flow rates, it was found that the variation of fuel
flow rate with time usually follows tkree stages:
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1) rapid decrease of flow rate, indicating a rapid build-up of deposit due to the
initially high flow rate;

2) the flow rate slows down more gradually; and

3) the flow rate fluctuates around a minimum value, My - At this stage the deposit
reaches a dynamic balance (i.e., some deposit forms on the filter and some is lost
from the filter). Generally speaking, when the system is very clean and the fuel
has been subjected to temuperatures not exceeding 500K, it is not possible to
achieve total biockage of the iilter.

Analysis of the results obtained with a 2-pum filter showed that the relationship
between fuel flow rate and time during the initial buildup phase could be expressed as

[rh, — tig m]—' ~Bt. (8)

[ indicates the tendency of a fuel to form deposits in the filter. Any fuel which has a
high deposition tendency will also have a high value of S.

The linear relationship between fuel flow rate and time, as indicated in Eq. (8), is
confirmed by the resuits showu in Fig. 9. The values of 3 for the fuels with and without
additive are given by the slopes of the two straight lines drawn through the origin. For
the fuel containing additive, the value of [ is 60 percent higher than for the fuel
containing no additive.

The results of this test program generally confirmed those obtained with the Phoenix
test facility. The addition of JFA-5 to the fuel reduced the deposition in the test tube
but increased the deposition on the downstream filter.

SURIFACE TREATMENT

Deposition rates depend on the surface pretreatment employed. Relative to the
pretreatment, the time, temperature, and pretreatment gas are of importance. The
greatest decrease in the amount of coke that collects on metal surfaces results when the
surface concentrations of chromium, manganese, and titanium are reiatively high,
and/or when the surface concentrations of nickel and iron are greatly reduced. It should
be emphasized that in the research done in the Purdue School of Chemical Engineering
deposit runs at only 850°C and four hours were made. Decreases of about 50 percent
were often obtained when pretreated vs. nonpretreated coupons were compared. These
results suggest the pretreatment technique may find application in the afterburners of
jet aircraft.

A series of tests was carried out to examine the effect of surface treatment of the tube
inner wall on rates of deposition. The tests were conducted with the test rig operating
in the single-pass mode in order to eliminate any effects of prior fuel heating on the
results obtained. The fuel employed was Jet A. The tube material was stainless steel,
300 series. The tube dimensions were measured as:

Length = 174mm
I.D. = 2.72mrm
0.D. = 3.23mm

For all tests, the fuel temperature at inlet to the test section was kept constant at
593K and the tube wall temperature was maintained at 673K. The fuel flow rate was
100 ml/min and the test duration was six hours, The test program involved a total of
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four tubes. Twe tubes received no special treatment apart from the degreasing procers

which is carried out on all tubes as part of the normal test procedure. The other two

tubes were subjected to special surface treatment. One tube received a H, [HaO

'tlx:eatment and the other a CO/H;0 treatment. The results obtained are presented in
able 1.

The results of theses tests are clearly not promising since larger amounts of deposits
(tars, coke, etc.) resulted in the tubes. Inspection of the tubes containing deposits
suggests that the pretreatments provided in the School of Chemical Engineering were
too severe and/or too long. The desired pretreatment skould probably result in some
enrichment of chromium, manganese, and titanium plus, hopefully, some smoothing of
the surface, as experienced for tests with Incoloy 800. Too long or too severe a
pretreatment likely causes increased roughness of the surface. Such roughness promotes
collection of the precursors that plug the tube.

FUEL COMPOSITION

The air-bubbling technique described in Ref. 3 was used for screening five test fuels
supplied by the Air Force. Details of these fuels are provided in Table 2. The test
conditions employed for these fuels are listed below.

(a) recirculation test mode

(b) 4.6 liter fuel sample (1.5 gallons)

(¢) fuel temperature = 373, 423, 448, and 473K
(d) tube wall temperature == 623K

(e) fuel flow rate = 200 mi/min

(f) P =350 psig

(g) bubbling air flow rate = 0.13 g/min

(h) test duratiop  hours

The results obtained are listed in Table 2 and shown in graphical form in Fig. 10. As
these results are self-explanatory, no detailed discussion is necessary. The main
conclusion to be drawn from the experimental data is that the AF-3 JPTS fuel has
excellent thermal stability, as evidenced by an exceptionally low deposition rate, while
the AF-5 Shell Jet A fuel of low flash point has relatively poor thermal stability and a
high deposition rate.

The five fucls ranged from light brown to dark brown after completion of the test. A
direct relationship between deposition rate and post-test color was observed-the darker
the shade of brown the higher the deposit rate. Samples of post test fuels have been
preserved for inspection, if required.

FUEL ADDITIVES

The single-pass technique was used to examine the influence of fuel additives on
deposition rates.

All tests were carried out at the following conditions.
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Fuel temperature 523K

Wall temperature = 523K
Pressure = 350 psi
Fuel flow rate = 100 ml/min
Test duration = 5 hours

The test tubes employed were manufactured from stainless steel (300 series) to the
following dimensions

LD. = 2.72mm
0.D. = 3.23mm .
Length = 174mm

The results obtained are listed in Table 4. For the baseline fuel containing no
additives, the mass of depusit was 3.6 mg. For the fuels containing additives, the
deposit mass was always appreciably higher, with values ranging from 9.8 to 41.7 mg.
After testing all the fuels with additives, a repeat test waa carried out on the baseline
fuel. The purpose of this test was to verify the low value obtained for the deposit mass
in the first test run. This repeat test on the baseline fuel resulted in an even lower
deposit of 1.8 mg, thus generally confirming the result ohtained in the first test run.
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Table 1. Influence of surface treatment on deposition rates.

Test Piece Deposit Mass (mg) | Deposit Rate
(ug/cm® /hr)
untreated 2.0, 2.2 22.4, 24.7
H, /H,0 treated 3.8 42.6
CO/H,0 treated 4.5 50.4

Table 2. JP fuels tested using air-bubbling technique.

AF -1 | Jet A kerosene. *
Middle distillate, no additive
SOHIO Code = SOHIO P1825
90-POSI-2747

Flash Point = 33K

AF -2 | Kerosene 1-K. Jet A-1.
Hydrodesulferized kerosene. Hydrotreated
light distillate containing trace static
dissipator additive. Sulfur < 0.04%
90-PSOF-2814

AF - 3| Jet Petroleum Thermally Stable (JPTS)
Exxon Code = 121901-00086
91-POSF-2789

Flash Point = 322K

AF - 4| Shell Jet A

Shell Code = 23500
90-POSKF-2747
Flash Point = 33K

AF -5 | Shell Jet A
91-POSKF-2827
- Flash Point = 323K
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Table 3. Deposition rates of five JP test fuels, ug/cm?.hr.

Fuel Temp. K| AF-1| AF-2| AF-3| AF-4 AF-5
373 0 19.2
423 25.7 45 19.1 15¢
448 37.2
. : 473 276 333 31 214 1300
56 1851
d v

Table 4. Influence of fuel additive on deposition rate.

Additive Mass of Deposit, | Depesition Rate,
Fuel 12 mg/liter mg pg/cm? hr
No additive.
FSN 91-POSF-2827 | Baseline fuel 3.6,1.8 48.4,24.2
FSN 80-POSF-2827 | PL-1605 24.4 328
FSN 80-POSF-2827 | PL-1606 9.8 132
FSN 90-POSF-2827 | PL-1607 11.8 156
FSN 90-PQSF-2827 | PL-1608 41.7 560
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Abstract

Two different methods for characterizing the thermal
oxidative tendencies of aviation fuels have been developed. A
common feature of both methods is that the fuel under test is
passed through a heated tube which is maintained at constant
temperature throughout the test duration. One is a closed-loop
systemn in which the fuel is recirculated continuously for periods
up to 22 hours. The other is a single-pass device whereby the
test fuel flows only once through the heated tube. These two
methods and tiheir relative merits are discussed in some detail,
and the extent to which they simulate an actual aircraft fuel
system is assessed alongside that of a more established test
technique which maintains a constant heat flux through the tube
wall and allows the wall emperature to increase continuously
throughout the test duration.

In an aircraft fuel system, fuel is used to cool the engine
lebricant and to absorb waste heat from other aircraft
romponents or systems, such as the hydraulic system. Before
the fucl is sprayed into the combustion zone it experiences
further heating from the compressor exit air or the aftetburner
suses.  Fuel in contact with hot metal surfaces can attain
temperatures that are sufficiently high to stimulate oxidation
reactions that lead to the formation of insoluble material which
finally deposits on the wall surface. The adverse effects of such
deposits on engine operation include: 1) fouling of oil-heat-
exchanger surfaces, which reduces the effectiveness of the heat
exchanger, 2) malfunction of the fuel system, 3) deposits in the
fuel nozzle which tend to block small flow passages and can
change the fuel spray pattern to such an extent that it may cause
flame tube burn-out and damage to the turbine blading.

Thermal stability problems were first identified by the
Pratt and Whitney company in the middie 1950's [1). In recent
years research in this area has been given new impetus by the
resurgence of interest in supersonic and hypersonic aircraft. The
current state of knowledge may be summarized briefly as
follows:

1. The critical engine components have been defined as fuel

injector nozzles, fuel/oil heat exchangers, and fuel

control systems.

The thermal decomposition of hydi ocarbon fuels can be

classified into three separate regimes, depending on the

fuel temperature.

a. at fuel temperatures lower than 570K,
decomposition occurs via an autoxidation

‘—Visilmg Professor, School of Mechanical Engincering
tReilly Professor of Combustion Engincering, Schoo! of Mechanical
Engincering. Member AIAA.

Copyright & 1992 American Institute of Acronaunics and
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reaction. In this regime, which is highly relevant
to aircraft fuel systems, deposits increase with
increase in fuel temperature.

between 570K and 770K the autoxidation
reactions are supplemented by direct pyrolysis of
fuel molecules. As the temperature rises within
this ran%e the reaction mechanism gradualiy
shifts from oxidation-controlled toward
pyrolysis-controlled. Deposit rates tend to peak
at temperatures around 700K and then decrease
with further increascs in fuel temperatures.

at fuel temperatures higher than 770K the
autoxidation reaction is no longer significant, and
deposits arc causcd mainly by direct pyrolysis of
the fuel. Deposition rates increase with increase

in fuel temperature.
3. Removal of oxygen usually improves thermal stability.
4. Compounds containing oxygen, nirogen, and sulfur
atoms are major deposit precursors,
5. Metals, particularly copper, catalyze the formation of

deposits.

It is not intended here to review all the experimental
techniques employed during the past twenty-five years in the
assessment of fucl thermal stability, since full descriptions of
these early rescarches and the experimental technigues used are
contained in the CRC Literature Survey on the Thermal
Oxidation Stability of Jet Fuel [1], and in publications by Taylor
[2). Cohen (3], Peat (4], Roback et al. 5], Baker et al. [6],
TeVelde and Glickstein [7], and Marteney and Spadaccini [8].
Instead anention is focused on a comparison between the well-
known UTRC method and the techniques now being developed
and used in the Gas Turbine Combustion Laboratory at Purdue
University. It can be stated at the outset that none of these
methods 1s entirely free from defects, The problems arising
from the thermal decomposition of aviation fuels are manifested
in differcnt ways depending on the temperature-time history of
the fuel, the local fuel and wall temperatures, and the flow
conditions of pressure, velocity, and turbulence. Thus no single
technique for the assessment of fuel thermal stability can hope 10
achieve universal acceptance. However, from an engincering
standpoint, & satsfactory technique is cne that simulates closely
the actual aircraft or engine conditions. Any significant
deviation from these conditions must detract appreciably from
the value of the experimental results for eagincering
applications.

UTRC Constant Heat Flux Method
In this methed, fuel flows through a 2.4m length of thin-
walled tubing (2.37mm i.d.) that is heated by an electric current
passing through it. Since the electrical resistance of the tube
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material does not vary significantly with temperature, the iocuw
heat flux remains sensibly constaut along the tube. After
completion of the test, the tube is cut into short sections and the
mass of carbon in each secton is determined. A significant
feature of the UTRC technique is that because the local heat flux
remains constant, the thermal resistance created by the presence
of deposit on the inside tbe wall causes the outer wall
temperature to increase locally. This means that the local wall
iemperature 1s always a function of the local deposit thickness,
because where the deposi: is thicker the wall temperature must
be higher to maintain the same heat flux through the tube wall.
In some cases the buildup of deposit during an exiended test run
can create wall temperatures as high as 1600K. Such high wall
emperatures are quite unrealistic from a practical standpoint,
neither do they have any fundamenial significance, hecause
once a substantial thickness of deposit has accumulated the local
wall temperature bears no relationship to either the local fuel
temperature or the temperature of the soft carbonzous material
formed at the interface between the solid deposit and the flowing
fuel.

Two methods for assessing the thermal stability of hquid
hydrocarbon fuels have been developed. A key feature of both
methods is that the heated tube through which the fuel is passed
is maintained at a constant temperature throughout the test
duraton. This is in marked contrast to the UTRC approach
whereby the heat flux through the wall is kept constant and the
wall temperature is allowed to rise (sometumes to very high
values) as deposits build up on the inner tube wall,

Most of the research on fuel thermal stability carried out
at Purdue has employed a closed-lcop system in which the fuel
under test is recirculated continuously through a heated wbe for
periods ranging from 6 to 22 hours. The other system is a
singie-pass device whereby the test fuel flows only once through
the heated tube and is then discarded. With both methods, the
rates of deposition on the tube walls are measured by weighing
the tube before and after each test.

Recirouk

A gencral description of the fuel recirculation method has
been provided elsewhere {9]. In recent months various
modifications to the original apparatus have been made as part of
an ongoing effort to irnprove the accuracy and consistency of the
expernimental data and to provide the best simulation of the
deposit formation process in a real aircraft situation. The
apparatus in its present form is shown schematically in Fig. 1.
It is a closed-loop system, designed to recirculate fuel over wide
ranges of wemperature, pressure, and flow rate.  The major
womponents are the pump, accumulators to contain the test fuel,
a{2°] heater, @ heated test section, a fuel cooler, a flow meter,
and snouwer meter for mo ntoang the pressure drop across the
test sxoron. In op.ratior, ac test fuel flows from a ugh-
pressare accumnultor through rthe flow meter and fuel heater ino
the test section from whence 1t flows via a water cooler o the
luw pressure accumulator. The function of the pump is to
uansfer fuel from the low-pressure accumulator to the high-
pressure accumulator. The pressures in both accumulators can
be set 10 any desired values, up to a maximum of 4.1 MPa (600
psi), by using air from a high pressure container.  The  fuel

heater is located in close proximity to the test section in order to
minimize the amount of ime the fuel spends at high temperature
outside the test section. The fuel cooler s fitted immediately
downstream of the test section for the same reason. Typically,
the fuel is returned to the low pressure accumulator at a
temperature of around 340-350K.

The main component of the test section iy @ thin-walled
stainless stecl tube whose principal dimensions are - length 152
mm, outer diameter 3.07 mm, and inner diameter 2.15 mm.
This tube is clamped between two copner segments, as
illustrated in Fig. 2. The semi-circalar grooves cut into the two
copper segments are designed o provide good thermal contact
beiween the tube and the copper segments when the latter are
clamped together. A number of thermocouples are threaded
through one of the copper segments in suc 1+ a manner that in
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operation the thermocouple beads are pressed ughtly against the
stainless-steel tube. These thermocouples are used to measure
tube-wall temperatures at inlet and outlet and at four equispaced
siations in-between. Fuel temperatures are measured only at the
tube inlet and outlet. The stainless steel tube is heated by using
between one and four 1,000W electrical rod heaters which are
inserted into holes drilled into the copper segments, as shown in
Fig. 2. This arrangement ensures that the tube is heated
uniformly around its circumference even when only one
clectrical heater is operational.

For any given fuel, the fuel pressure and flow ratc are set
at surtable values and the heaters for the fuel and test section are
both switched on. During the fuel heatup period, which 1s
usually less than ten minutes, the flowing fuel bypasses the tewt
section. When the fuel and wbe-wall temperatures have both
auained the desired values, the bypass valves are operated to
divert the hot fuel through the test section. At the same time the
water supply to the fuel cocler is tumed on.

The main advantage of this procedure is that it allows the
start of the test to be clearly defined. Another useful feature is
the feedback between the fuel and tube-wull thermocouples and




the fuel and test section heaters respectively which allows both
fuel and tube-wall temperatures to be maintained at preset values

with 1°C throughout the entire duration of the test. This
flexibility allows tests to be carried out on the influence of fuei
temperature on deposition rates while maintaining a constant
wall temperature. Aliernatively, fuel temperature can be kept
constant to permit the separate cffect of variations in wall
temperature on deposition rates to be studied.

Deposition rates are deiermined by weighing the tube
before and after each test. The fuel supply connections at both
ends of the mbe arc sealed using graphite ferrules. These
ferrules are broken off after each test to reduce weight and
thereby increase the ratio of the deposit mass to the tube mass.
The weighit of the tube is around 40600 mg. The deposits usually
weigh between 2 and 20 mg, depending on the fucl compositior:
and test conditions, but for very high temperatures the deposit
can weigh as much as 100 mg. As the bzlance employed has an
accuracy of within 0.1 mg, the weighing procedure is
considered capable of giving satisfactory resulis.

One of the most important aspects of the test procedure 15
the treatment of the test tube both bufore and after cach test rui.
Refere weighing the tube prior to test, itis exposed 10 a welding
wrceh flame o remove any oil or grease remaining from the
extrusion process used to manufacture the tube. After the tube
has been immersed in a solvent (stanisol) for 24 hours 1t 1s
“dried" by flowing heated nitrogen gas through u for a few
minutes. It is then allowed to dry naturally fur another 24 hours
before being weighed for the first ime. Twernty -four hours
later the tube is weighed again, and this process is repeated until
the tube weight indicates a constant value to within 0.1 myg.
Tube treatment after the test is even more important and more
critical o the repeatability and accuracy of the experimental data
The procedure now being used 1s based on detailed
considerations of all the factors that experience has shown can
influence the results obtained. Afier cach test the fuel is drained
from the system, and the test section is allowed to cool down 1o
a temperature of around 450K. Where necessary, water cooling
is applied to the copper segments to accelerate this cooling
process. Experience hus shown that if the tube-wall temperature
1s toe high (>470K) any residual fuel remaining i the tube will

sake” ontc the wall, thereby creating more deposit. On the
cther hand, if the wall temperature is 0o low (< 430K). the
residual fuel does not fully evaporaie but is gradually absorbed
.~ the porous structure of the deposit. When the tube-wall
:>mperature has fallen to 450K, heated air is passed through the
sv<temn for around five minutes  This air hypasses the test
soraon, but the valve at the downstream end of the test secuon is
ie{l open so that air and vapor are drawn continuously out of the
rzbe by the cjector action of the flowing air. The test section 1<
then allowed to cool down to nommal room temperature, after
which the tube 1+ removed from the test section andt plaved in a
verucal position to dry naturally for 24 hours before being
weighed for the first ime Tray weighing prosedure is repeared
every 24 hours unul the difference between two consecutive
weights is witkin 0.1mg  For simall deposits, 3% hoursy of
natura! dryirg in a vertical posinion i usually afeguaie but, for
larger deposits, up to 144 hours may be needed, us lustrgicd in
Figs. 3 and 4 for two aviation kerusine fucls  Sone typial
results obtained using the fuel recirculation technugue are shown
in Fig. .

The main advantages of the fuel recirculanon method
described above are that it requires only a small amount of test
fuel and it simulates guite closely the deposition process n an
aircraft fucl system. However, 1t is less attractive tor bask
studies on the effects of fuel composinion, fucl temperature,
tube-wall temperature, and Reynolds number on deposition
rates, due to the gradual depletion with ume of the onygen
contained in the fucl. To provide more basic infonmaucn on the
effects of fuel properues and flow conditions on deposiion
rates, a single-pass flow system has been designed and tested
The main features of this new facility are shown i big 0 The
mair components are feed tanks which contain the test fuel. 4
fucl heater, a heated test section, a fl »w meter. and another meter
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DEPOSIT FORMATION RATE, ug'cm2-hour
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Fig. 5 Comparison of deposition rates obtained by

single-pass and recirculation metiods

from Fig. 5 that the recirculation method gives the lowest
deposit rate, particularly when the wall temperature is high. If
the objective were 10 simulate the situation in an aircraft fuel
system, involving partial recirculaion of fuel back to th: wing
tank, then the singie-pass mode would indicate u higher deposit
rate than would be obtained in practice.

Albshough the UTRC constant heat flux method has been
used extensively to determine the thermal stability and heat
transfer characteristics of aircraft fvels, it has a drawback which
cast doubts on the relevance o1 the results obtained to actual
aircraft conditions. An inheren’ deficiency of the method is that
over morst of the tube length the local wall temperature changes
dramatically during the test period. For example, the deposi
rate data quo.cd in [7] for an initial vall temperature of 623K
Lolusliv epreseat aa aviiage value of the deposit rate over a
pLaoe of 3% voars, 2.z vhich time the wall temperature
varied fiom 623K 10 933K, The Purdue method is free from
this defect because the wall temperature is controlled to within

1°C of the nctunal value throughout the entire test period. This
means tha! the heat transfer from the wall 10 the fuel diminishes
with the buildup of deposit, which is exactly what happens in
aircraft fuel systems and engine fuel nozzles.

It is sometimes asscried tiat if the heat flux through the
tube wall is kept constant then, regardless of the actual wall
temperzture, the interface temperature between the deposit and
the fuel will remain constant, and this interface temperature
raight therefore be regarded as an appropriate boundary value.
Unfortunately, this concepi embodies two key assumptions,
neither of which is valid, (1) that at any given cross section the
deposit thickness is radially uriform, and (2) the deposit is a
solid compact structure, precenting a clearly-defined surface to
the adjacent fuel. In p.actice, it is found that the deposit

thickness vanes appreciably both radially and axially along the
length of the tube. Moreover, during a test run the deposit has a
highly complex two-phase structire which cannot be reganded as
compact untif the liquid fuel has been drained off and the deposit
allowed a long time in which to dry. In fact, there is no ¢lear cut
mterface between the deposit and the fuel.

The so-called
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Fig. 6 Schematic diagram of single-pass faciliry

"interface temperature” is not a physical reality but merely an
equivalent “thermal-resistance temperature” which can only be
calculated 1f the deposit is assumed to be distributed uniformly
over the tube surface, which it most certainly is not.

In su , the constant heat flux method suffers from
the drawbark that the conditions under which the deposits are
formed are quite different from actual aircraft and engine
conditivns. Also, because the local tube-wall temperature varics
markedly during the test period, it is very difficult to identify the
separate cffects of wall temperature and fuel temperature on
deposition rates. This drawback is a sericus impediment to any
quantitative analysis of the expermental data.

An important advantage ot the Purdue methods is that the
tube-wall temperature is muaintained at a constant value
throughout its length, regardless of variatons in fue] iemperature
and test duration. By exercizing seoarere oueof over fuel and
will temperatures, the effecrs ondejoorion ratss e “vangr ans
there two pararaeters can be clearly disunguished.

The fuel recirculation method provides the closest
simulation to the actual conditions in an awucraft fue! system.
Although not shown in Fig. 1, the test facility docs, in fact,
incorporase provisions 1o allow the system to operate in & partial
recirculation mode, whereby part of the total fuel flow passes
through the test section and the remainder is heated but then
divenied back into the fuel tank. This mode of operation has the
patential for providing an even better simulation of the actual
aircraft fucl system, but no systematic measurcm=nts of deposit
rates have yet been carried out using this approach.

A major asset of the recirculation methed is its very low
fuel requirement of only 1.5 U.S. gallons per dawa point. This
represents an appreciable saving in cost, and is particularly
advantageous when using speciaily-prepared expensive test fuels
or other fuels that are in short supply. Its main drawback is the
gradual depletion of fuel-dissalved oxyger throughout the
duration of the test. At the present time, this problem is being
addressed by continuously bubbling small quantities of air into
the tuel contained in the low pressure accumulator.  The system
employed is shown schematically in Fig 1. The air injection
tube is located near the bottom of the low-pressure accurnulator,
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and air is bubbled 1nto the fuck through 20 holes, cacr i+ () Smm
diamcter. However, aithough this simple system functions
efficicatly as an oxygen-replenishment device, it irtroduces
another variable into the system. Figure 7 shows teasured
values of deposition raies for a light fuel oil at three disTerent air
bubbling rates. The general tendency is for deposition rates w0
incresse with increase in air flow rate, the effect becoming, loss
pronourced at the higher air flow rates.

For any given test fuel, a few preliminary tests are
carricd out in order w deicrmine the air bubbhing flow rate
needed 10 ensure that the recircuiation method gives the same
deposition rate as the single-pass method for the same fuel and
the same test conditions. This procedure vinually eliminates the
provlem ot oxygen depletion which hitherto has been regarded
as a deficiency of the recirculaton method.

There arc other ways in which the dependence o

deposition rate on air bubbling rate can be used to advantage.
For example, when carrying out comparative tests on different
test fuels, the fuel which is anticipated to have the highest
thermal stability is usually knownr at the outset. An air bubbling
rate is then established for this feel which is the minio.um
needed to produce a small bui accurately-measuvrable deposit.
‘This same bubbling rate is then used for the remaining test fuels.

The single-pass method is ideally suited for basic
research on problems of fuel thermal stability such as, for
cxample, the cffects of fuel composition and fuel additives on
deposition rates, It is also well suited for studies related to
deposition problems in aircraft fuel nozzies. However, its fuel
requirement is relatively high. Typically, a 6 hour test run
requires around 10 to 15 U.S. gallons to obtain a single data
point, as compared with 1.5 gallons for the recirculation
method.

The recirculation and single-pass methods both have
good potential for providing fairly precise information on the
thermal properties of the deposit that govern the rate of heat
transfer between the flowing fucl and the adjacent tube wali.
Figure 8 illustrates the manner in which the temperature 1ise
experienced by the fucl as it flows twough the heated tubc vane:
with time. Initially the tube wall is perfectly clearn and the tusl
temperature rise is relatively high. With the passage of uime, the
accumulation of deposit on the tube wall creates a barrier
between the tube and the flowing fuel which gradually
diminishes the heat flux from the twbe to the fuel, thereby
causing a continuous decline in the temperature rise of the fuel,
as illustrated in Fig. 8.

If more were known about the physical structure and
thermal properties of the deposit, data of the type shown in Fig.
8 could be used to develop an elegant and accurate method for
ihe mesasurement of deposition rates. Even without this
information, these data could still be of value to the designers of
fuel/oil heat exchangers, because not only do they illustrate the
manner in which the slow but centinuous buildup of deposit
leads to 2 gradual reduction in the amount of heat transferred to
the fuel, but they also enable this deterioration in heat transfer
cfficiency to be determined quantitatively.

In summary, the “"constant wall temperature”
recirculation and single-pass methods have significant atribuies
for both fundamenta! and practical studies on fuel thermal
stability. Both methods are now being used at Purdue in two
scparate research programs on the cffects of fuel composition
and flow conditions on deposition and heat mansfer rates.
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mechanism gradually changes from oxidinon-controlled o
pyrolysis-controlled which causes the rate of deposinon 1o
decline. Thus, in discussing the influcnce of temperatuse on
deposit formation, it is imporntant to bear tn mind that 1t1s the Tuel
temperature that determines which reaction mechanism s
Jominant-oxidation or pyrolysis - not the tube-wall temperatare.

The primary role played by temperiature 1n the processes
of fuel thermal degradation and deposit formation has been
known for some time. A NASA workshop held in 197K
wdentified wall temperature as the most important parameter
affecting deposition rates, fuel temperature being the second most
important parameter.  Subsequent rescarch has gencrally
confirmed this finding, for example, the results obtained hy
Giovanetti and Szetela (1986) for Jet A fuel showed that “carbon
deposit rates were a sgong function of tube wall temperature.” In
view of the prime importance of temperature to fuel thermal
degradation and deposit formation, it is somewhat surprisig o
fird 1n the literature that in most expenmental studies the only
temperature recorded s either fuel temperature or wall
temperature, but not both. In some reported studies on the
influence of temperature on thermal stability, it 1s nat clear
whether ihe temperature under consideration is that of the fuel or
the wall. Thus 1t is easy to understand the coasiderable scatter
that tends to chaiacterize repornted experimertal data on the effect
of temperature on deposit formation rates.

In the present research an atiempt is made to study the
separate effects of fuel ar.d wall temperatures on deposition rates.

tus g il is achieved by continuously coatrolling and regulating

the heat inputs 10 both the fuel and the tube wall 1o maintain
constant fuel and wall temperatures throughout the duration of
each tzst. The test method employed and the results obtained are
described below.
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The main features of the tuel therma stimlity nig aic
shown in Fig. 1. R is a closed-loop sys en . designed to
recirculate fuel over wide ranges of temperain=, flow rate, and
pressure. The mayor components are the punp. accumulators 1o
coniain the test fuel, a fuel heater, a heated test section, a flow
meter, and another meter for monitorir g the pressure drop across
the secuon. In operation, the test fuel vlows from a 5 hiter high-
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Fig. 2. Details of test section.

pressure accumulator through the flow meter snd fuel heater inte
the test section from whence it flows mnto the low-presure
accumulator. The funcuon of the pump 1s to transfer tuel from
the low-pressure accnmulator 1o the high-pressure accumulator.
The pressures in both accumulators can be set to any desired
values, up w a maximum of 4.1 MPa (600 psi), by using
nitrogen pas trom i high pressure container.

The key component of the test section is a thin-walled
stainless steel tube whose principal dimensions are - length 152
min, outer diameter 3.07 mm. and inner diwmeter 2.15 mm. This
tube v clamped between two copper segments, as illustrated in
Fig z. The semi-circular grooves cut into the two copper
sepments form a cylindrical passage when the segments are
placed together. The diameter of this pussage is designed 10 be
very shightly smaller than the outer diameter of the stainless steel
tube 10 ensure good thermal contact between the wbe and the
copper sepments when the latter are clamped together. A number
of thermocouples are threaded through one of the copper
segments in such a manner hat in operation the thermocouple
beads are pressed tightly agamnst the stainless-steel tube. These
thermocouples are used 10 measure be-wall temperatures at inlet
and outlet and at four equispaced stations in-between. Fuel
temperatures are measured only at the tube inlet and outlet.

The stainless steel tube 15 heawed by using between one
and tour 1,00UW electnical rod heaters which are inserted into
holes drilled inte the copper segments, as shown in Fig. 2. This
wrangement ensures that the twbe 15 neated uniformly around its
crcumference and. in fact. calculations show that this
circumterential umformity 1v maintained even when only one
clecineal heater 1s operauonal

Forany piven tuel, the fuel pressure and flow rate adre set
ot soitable values and the heaters for the tuel and 1est section age
both switched on. Dunng the fuel heatup period, which is
usually less than ten minutes, the tlowing fuel bypasses the test
sechion - When the fuel and tube-wall temperatures hav: »oth
attuned the desired values, the bypass valves ate opcr. .J 10
divert the hot fuel through the test secion Thisas ana oo asetul
festure because it allows the start of the test o be clea<d Jehied
Anoiher useful teature of the present test ng ss the feedback
between the fuel and tube- wall thermovouples and the tuel and
fest sechion heaters respectively which allows both fucl and tube

wall einperatures o be maintamed at preset values within 1°C
throughout the ennre duration of the test. This flexibility allows
tests (o be camied out on the influence of luel temperature on
deposinon rates while mamntwining a constant wall temperature
Altermanvely, fuel temperature can be kepr consuni 10 penmit the
separate effect of vanations in wall temperature on depositon
rates o be studhed.

Depasinon rates are determined by weighing the be
betore and after cach test ‘The tuel supply connections at both
eads of the tube are sealed using graphite terrules. These ferrules
are brokhen off after cach st 1o reduce weight and therehy
merease the ratio of the deposit mass to the tube mass The
weight ot the tube 15 arcund 4000 mg. The deposits usvally
weigh between 2 and 20 mg dependmg on the fuel composiion
and test conditions. As the halance eniployed has an accuracy of
within O.1 mp. the weighing procedure iy considered capable of
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giving satisfactory results.

Tube treatment, both before and after each test, was found
1o affect the results obtained. Afier some experimentation the
following procedure was estabhished. Before weighing the tube
prior to test it is exposed to the flame of a welding 1orch. As the
tubes are manufactured by an extrusion process, flame heating s
used 10 remove any remaining oil or grease. The tube is then
dried using heated nitrogen gas. After the test the fud' is drained
from the (est section which is allowed to cool down 10 normal
1oom temperature. The wbe is then removed from the st section
and allowed to dry naturally for twelve hours betore being
weighed. This procedure i1s found to give consistent and
repeatable results,

RESULTS
Sone of the results obtained using a light heating oil as
the test fuel are shown in Fig. 3. This figure shows the average

rate of deposition in pg/cm2. hr. plotted against the test duration
m hours, The data presented in Fig. 3 were obtained by
removing the tube for weighing several ames dunng the total test
duraton of twenty-two hours. The same fuel was used
throughout the test. The purpose of Fig. 3 is to illustrate how tne
rate of deposition increases initially and then reonins fairly
constant. It should be noted that the deposition rates shown in
Fig. 3 are “average” values, not instantaneous values. For
cxample, the graph shows that during the first six hours the

average rate of deposition was 195 pgfcm2 hr. Thus thr . t |
deposition at the end of six hours was 6 x 195 = 1170 ug/cm-.

Figure 3 is typical of the results obtained at other test
conditions and with other fuels. It illustraies 1hat after the first
few hours the rate of deposition seutles down at a fairly uniform
value, which suggests that most of the useful information w be
gleaned from a test run can be extracted after five or yix hours and
there is little 1o be gained by protracting the test any further.
Based on the knowledge and experience gained in a whole series
of prehiminary tests, it was decided 0 stendardize on a test
durativn of six hours. This time period has no special
sipnificance except that it slows a complete test o be perfonned
within a normal working day.
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rate (TeVelde and Glickstein, 1983).

EFFECT OF TUBE-WALL TEMPERATURE

The influence of wall temperature on deposition rates has
been examined by several workers. TeVelde and Glickstein
(1983) used a hzated tube appuratus to evaluate the thermal
stability characteristics of four liquid hydrocarbon fuels - a lov:
aromatic JP 5, a blend of 80% JP 5 and 20% cracked gas oil, a
biend of 50% JP S and 50% No. 2 hesung oil, and a shale-
denved JP 5. Deposit fonration rates were obtawned for wbe-
wall temperatures ranging trom 48() 10 800 K. The deposition
charactenistics of all four fucls were found tu be very sensitive to
wall temperature, with peak formation rates occurring at surface
temperatures around 650 K, as illustrated 1n Fig. 4. Examination
af these data led TeVzlde and Glickstein to the conclusion thag the
ffect of tube wall temperature on deposit temperature was
"similar for all four fuels, that 1s, formation rates increased
rapidly with increasing surface temperature up to approximately
700 1o 750°F {644 10 672 K) and then decreased with further
increases in surfac:- temperature.” This conclusion appears
hiave considerable pracucal significance because it suggests thu.
an effective method of reducing deposition rates would be by
increasing tie tube-wall temperature, provided the initial wall
temmperature is in excess of around 6%0 K Other workers have
reached simidar conglusions, bu? the present work indicates that
this conclusion s erroneous and is the result of an inhzrent defect
in the methad used 1o measure deposition rates. With this method
the test fuel 1s arranged to flow through a resistance-heated
stainless steel tube. During any given test the local wail

tempei dture does not remaining constant but changes dramatically
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with time. as shown i Fig. 5 from TeVelds and Glicksien
(1983, Moreover, the local wall remperature must always be g
function of the local deposit thickness, because where the deposit
15 thicker the wall temperature must be higher to maintan the
same heat flux through the tube wall. Thus, at the entry section
10 the tube, deposition rates are low because the fuel temperatur
is low. This. in tura, leads 10 a low wall emperaure, as shown
in Fig. 4.

Axs the fuel flows along the 1ube its temperature nses and,
consequently, so also does the rate of deposition. This increase
in deposit thickness leads to an increase in lecal wall emperature,
as lustrated in Fig. 5. This figure shows that, at o point about
half wav alone the tube. the local wall temperature. whose nitial
vilue was around 650 K, has risen to around 1000 K after five
hours operation. At this twbe locanon. the combiaton of high
fucl and high wall iemoeratures produces the high deposuion
rares shown in Fig. 4 for an mitia' wall temperature of 650 K.
Fuel tlemperature continues to rise tnward the downsiresm end of
the tube, but this does not produce a high deposition rate becatse
the mechanism of formaion changes from suto-oxidation 0
pyrolysis. In fac, the rawe of deposition actaally declines in this
range of high fuel temperatures. This causes a reduction in
deposit thickness and bence a lowening of waii temperaure
during the test duzation, as shown in Fig 5. The combination of
a lower wall temperature and the change in reactton mechanisms
from auto-oxidation to pyroiysis causes the deposition rate 10
g;cl|2c. despite tht higher initial watll lemperature, as shown in

ig. A
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Fig. 6. Comparison of data from Fiz. 4 with results of

present study.

Thus, cerves of the type shown in Fig. 4, which are
intended to demonstrate the effect of tubz-wall temperature on
deposition rates, are really showing the combined effects of
simultancous variations in both wall and fuel temperatures. Of
these, fuel tetnperature is the most important, and,  reality, the
shape of the curve shown in Fig 4 more aptly desenibes the effect
on deposition raws of variations in fuel temperature than
vartations - wall temperature.  In facy, for this particular
apparatus, after several hours of operatjon the local wall
temperature at any pownt along the tebe lenpth is much more
indicative of the local deposit thickness than the local raie of
deposition,

The results presented in Figs. 4 and 5, along with other
datan the lierature obtained using the resistance-heated wbe
methad. vl suffer from the drawback that they were acquired
using ar apparatos 1in which fuel and wall temperatures both
increase appreciably aiong the length of the test tube. Moreover,
the local wail temperature changes continuously and inarkedly
during the test period.  Under these conditions it is clearly
difficult, if not impossible. to differentiate between the effects of
witll temperature and fuel teniperature ¢n deposition rates.

The apparatus employed 1n the present research s free
from these defects. The fuel temperaiare at entry te the test ube
1s guverned by a preheater and is accurately controlled io within

+ O.5°C. The temperature rise expenensed by the fuel as it flows
througn the tube 1y always quite small and seldom exeeeds 10°C.




The tube-wall temperature is always maintuned ata constanl
value throughout us entire length. 3y exercising sepurate control
over fue! and wall temperatures, the effects on deposinon rates of
vanaztions in these two parameters can be clearly disunguished.

Some of the results obtained with this apparatus on the
effect of wall ternperature on deposition rates are shown in g
6 They illustrate the effect of wall temperature on deposition
rates for a JP 8 fuel at a constant iemperature of 523 K The datw
are cons;stent with all other data obtained with this apparatus in
showing a continuous increase in deposition rate with increase in
wall temperature for a constant fuel temperature. Also shown in
Fig. 6, for comparison, is a line drawn (o represent the data
points plotted in Fig. 4.
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The results for JP 8 fuel shown in Fig. 6 are ronsidered
1o represent the true effect of wall temperature on depusition
rates. Provided the fuel ternperature is maintained constant, an
increase ‘n wall temperatre will always increase Ine rate of
deposition The odserved differences between the (wo sels ot
duta in Fig. 6 may be explained as follows. At low wall
temperatures, fuel temperatures are also low, and both curves are
churacterized by Jow deposition rates.  Ac highes temperatures.
around 650 K, the UTAC data exhibit much higher deposition
rates. This is atributed to (2) a much higher actual wall
temperature of avwund 1000 K (see Fig ) as opposed 1o the
iningl wall temgerature of £50 K. and (b) a much mgher fuel
termperatere of 600 ¥ in compasison with the JF 8 fue!
temperature which remained sensibly corsiant at 523 K. At the
highest levels of wall iemperature shown in Fig. 6. the rates of
deposition for JP 8 are appreciably nigher thea for the UTRC
fuels. This is attributed 1o the latier's higher empesatres (755 K
verses 523 K) which cause deposnt formation to occur by the
pyrolysis mechamism as upposed to the more product .. auto-
oxidatior mectanism {r- the lower temperature, JP 8 fucl. Thus,
as noted earlicr, the JP % data represent the *rue effect of wall
temperaturs on deposit rates. In conirust, the UTRO data reflect
the combined erfects of variations i boih wall and fuel
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Fig. 8. Influence of fuzl temperature on deposition rate.

temperatures, plus the aaded comphcstion of a change 1n the
mechanisms of deposit formation from auto-oxidation to
pyroiyses at the higher levels of fuel temperature.

The effect of wall temperature on deposition rates is
furiher illustrated by the results obtained using a kerosine-type
fuel contsining 48 percent aromatics, as shown in Fig. 7. These
results clearly demonstrate the marked influence of wall
temperature on rates of deposition and also show thiu this
influence becomes inore pronourced when an increass in walt
teniperature is accompanied by an facrease in fuel temperature.
This highhghts the need for separate conrol of fuel emperature in
experimental stndies on the effect of wall temperature on
deposition rates.

EFFECT OF FUEL TEMPERATURE

Fuel temperature has a pronounced effect on thermal
stability, as illustrated in Fig. §. The resolts shown in this figure
generaliy confim the findings of all previous studies on the
influence of fuel wmperature on thermai stability. Tney show,
for ali three fuels, that deposuion rates are relatively low for fuel
temperatures below aroznd 400 K, hut rise steeply with increases
in fuel temperature above around SO0 K.

As menuoned earlier. one of the main assets of the
apparaius used in this test program is =zt it allows separate and
independent control of hoth tube-wall and fuel emperaiures.
This enables the relative impanance of these two parameress 1o be
determined. From inspeciion of Figs. 7 ang 8 itis clear *hat, over
the ruanges of fuel and wall temperatures investig»=d, both of
these paramiiers strongly affect themaal stability. However,
these figures also show that the influence of fuel temperature 1s
mare pronounced than that of wail winperiture.  The observed
apparent dosninance ol fuel temperature over wall temiperature




may be due in some measure to the fact that the thermal
degradation reactions are influenced by fuel temperature
throughout the whole test period, whereas wall tlemperatures can
affect these reactions only during the much shorter residence time
of the fuel in the test section.

Another explanation for the observed strong influence of
fuel temperature is that deposition rates are govemed primarily by
the temperature of the fuel in the relatively slow-moving
boundary layer near the tube wall. This temperature is dictated
mainly by the bulk temperature of the fuel, which emphasizes the
paramount importance of fuel temperature to deposition rates, as
illustrated in Fig. 8. It is also strongly affected, albeit to a lesser
extent, by the adjacent wall temperature, which serves to raise or
lower the fuel temperature in the boundary layer depending on
whether the wall temperature is higher or lower than the fuel
temperature,

CONCLUDING REMARKS

Thermal stability characteristics ot four kerosine-type
fuels have been investigated using a heated-tube apparatus which
permits  independent control of fuel temperawre, wall
temperature, pressure, and flow velocity. The results obtainert
demonstrate the applicability of the apparatus for studying fuel
thermal stability and deposition rates over a broad range of test
conditios. The measurements indicate that consistent and

repeatable results can be obtained 10 within *10%.

The results obtained to date shed useful light on the
important role played by tempersture in fuel thermal stability.
They show that tube-wail and fuel temperatures both have a
marked influence on deposition rates, the impact of fuel
temperature being stronger than that of well temperature. They
also show that ucposition rates increase continuously with
increase in wall temperature and do noi decline at wall
temperatures above around 650 K as the 1esults of previous
siudics wouid appear to suggest.

Compansons of the results obtained with light-distillate
fu. 's of different ayomatics content indicates that deposition rates
are enhanced by an increase in aromatic content the etfect
becoming less pronounced for fuels of higher aromatic content.
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Influence of Flow Conditions on Deposits From
Heated Hydrocarbon Fuels

J. S. CHIN® and A. H. LEFEBVRE""

Thermal Science and Propulsion Center
Purdue University
West Latayette, Indiana

ABSTRACT

The thermal stability chuaractenstics of two liquid hydrocarbon
fuels are examined using a single-pass system whereby the tfuel under
test flows only once through a heated tube which is maintained at
constant temperature throughout a test duration of six hours.
Leposition rates on the tube wulls are measured by weighing the tube
before and after each test.

The experimental data are used to derive empirical evjuations for
predicting the effects on deposition rates of variation in fuel
temperature. wall temperature, and Reynolds nurnber. It is found that
deposiuon rates are enhanced by increases in fuel temperature, wall
temperawre and flow velocity, and by reductions in tube diameter.
Pressure has no effect on deposition rates provided it is high enough to
prevent fuel batling.

INTRODUCTION

Right trom its inception, the continuing trend in turbojet engine
desien bis been woward higher compression ratios and higher turbine
et emperatures These advances have resulted in the fuel becoming
sehrect toa wide range of thermul stresses. Heat must be extracted
tiom Jubrie ang ol with the tuel providing the heat sink - A further
1:5¢ 10 fuel temperature occurs as the fuel flows through the bumer feed
armodue 10 the gh rate of convecuve heat transter trom the
compressor outlet sir. In some fuel nozzles designs, the fuel may
cipemence further sdditonal heaning by radiatn e heat transfer from the
combicton gases. The combined effects of these vanous heat inputs
i alar by the ume the fuel s sprayed into the combustion zone tts
winperature is appreciubly bigher than when at left the tuel tark.
Unfortunately, this elevauon in tuel remperature stimulates oxsdution
reactions which dead to the fermetion of gums and other insoluble
matenahy (including carbony which tend to deposit on heat exchanger
walls wand control surfaces. Deposttion watlun the fuel nozae s
espectally harmaful because 1t can distor? the fuel spray pattern to such
an extert that it causes overheating of hiner walls, wrbine blades, and
nozzle pu.de vanes.

The deposns formed in fucl nozzles and on other heated
surfaces are a manifestation of thermal degradaiion of the tuel  Fuels
that have o high thennal stabiliy also have o low tendency w form
denosits Current aireratt fuels do not present a major problem in this
regard. but the sitwanon could worsen appreciably in the future due 10
aaticipated higher tuel temperasures in heat exchangers and fuel nozzies
.
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and o0 the more widespread use of fuels of broader chemical
composition.  Several different methods have been developed to
evaluate fuel thermal stability and the published literature in this field is
quite extensive. Useful descriptions of the various experimental
techniques emploved are contained in the CRC Literature Survey on the
Thermal Oxidation Stability of Jet Fuel (1979), Taylor (1979), Cohen
(19803, Peat (1982). Baker et al. (1983), Roback et al. (1983),
TeVelde and Glickstein (1983), TeVelde et al. (1983), Mills and
Kendall (1985). Marteney and Spadaccim (1986), and Chin and
Lefebvre (1992). None of the experimental methods developed so far
1> entrely free from defects.  Even so, they have provided a
considerable body  of information on the effects of fuel iemperature,
wall surtace lemperature, and fuel composition on deposition rates. In
contrast, the fluid dynamic aspects of the thermal stability problem
huve recerved comparative neglect. The present work represents an
aempt to remedy this deficiency. Evidence is presented to show the
wnportant effects of fuel and wall emperatures on depositic . rates, but
sonsideration is also given to the effect on deposition rates of variations
- flow conditions, notably liquid flow rate. velocity, pressure, and
Revnolds number. 1t is hoped that the results obtained will be of
nterest wnd value to the designers of aircraft heat exchangers, fuel
sontrol systems, and fuct nozedes,

APPARATLUS

The apparatus employed in this experimental study on fuel
thermal stabubity is essentially a single-pass system in which the test
tuel tlows only once throngh a heated tebe which is maintained at
constang temperature throughout the test duration. It is basically the
sanie s the apparatus described m a previous publicanon by Chin and
Lefebrre (19923 except that vanows minor modificatons 10 the anginal
apparatus have been made as pan of a continving effort to upgrade the
tacthty and thereby improve the accuracy and consistency of the
experimental data. The apparatus 1n ats present form i1s shown
schemaneally in Fig. 1 The man components are a feed tank which
contuns the test fuel, 3 flow meter, a fucl heater, a heated test section,
2 water cooler, a back-pressure tank, and @ drain tank. In operatior,
-he test fuel flow from the storage tank into the electric heater which
raises 1< teraperature 10 the desired value at entry to the test sechon.
The tuel usually experiences a small increase in temperature as it flows
htough the test section to an extent which depends on the flow rate and
the temperature difference betweet. the fuel and the tube wall.

I some experiments the tube wi's 15 maintained at exactly the
<ame temperature as the fuel flowing through it. This is done w
ehrunate heat transfer between the tube and the fuct so thax as the fucl
Mloss throueh the tube s temperature vemains  constant. After
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Fig. 1. Schematic diagram of test facility.

emerging from the test scction, the fuel flows through a water cooler
which reduces 1t temperature 10 around 300K before it flows into the
buck-pressure tank and out of the system. The fuel pressure within the
icst section can be varied up to around 4 MPa (580 psia), but most tests
are cammied out at pressures of 2.5 MPa (363 psia) and below.

The back-preszure (ank represents a comparatively recent
addition 10 the test facilny. Although its presence does not contribute
Jirectly to greater accuracy of the exparimental data, it makes a useful
indirect contribution in that it improves appreciably the fiow subility of
the system. Before this addition, the throfile valve which controlled the
fusl flow rate was located in a hot fuel section. As the pressure drop
across this valve was always exwemely high [typically 2.5 MPa (363
psia) at inlet and (.12 MPa (17 psia) at outlet), this meant that the
throttle valve was usually barely "cracked open.” As the hot fuel
flowed through this very small opening it tended to form Geposiis
which cisused a continuous decline in flow rate that required frequent
adjustment of the valve. Fiuting the back pressure tank allowed the
throtile valve to be located in a region where fuel temperatres and
pressures differentials are both low, The valve now has a much wider
opening and deposits no tonger form. This improvement in the method
of flow control. in coniunction with the large-volume back-oressure
L, has virtually eliminaied flow instabilities and flow-rate drift from
the systein.

The test section, instrumentation, tube preparation, and
weighing procedures have been fully described in two previous
publications (Chin et al.. 1991 and Chin and Lefebvre, 1992). The
main component of the test section is a thin-walled stainless sice! tube
of length 152 mm. This tube 1s clamped between rwo electrically-
heated copper segments. Semi-circular grooves cut nio the two
segments provide good thermal contact between the tube and the
copper segments when the latier are clamped together. Thermocouples
are used 10 measure rube-wall temperatures at six equispaced intervals
along the tube length. Fuel temperatures are measured only ai the tube
inlet and outlet.

For any given fucl, the fuel pressurc and flow rate are s at
suitable values and the heaters for the fuel and test section are boih
switched on. During the fuel heatup period. which is usually less than
ten minucs, the flowing fuel bypasses the test section. When the fuel
and tube-wall iemperature have both atiained the desired values, the
bypass valves are operated 1o divert the hot fuel through the test
section. Al the same time the water supply 10 the fuel cooler is urned
on.

A feedback system betw: n the fuel and tubc-wall
thermocouples and the fucl and test s .on heaiers respectively, allows
both fuel and wbe-wall temperaturcs 10 be mainained within 1°C of
presetr values throughout the tes; duration. Deposition rates are
measured by weighting the tube before and after each test. The
deposits usually weight between 2 and 100 mg depending on the fuel
composition and test zonditions.

Expenence has shown that for good repeatability of results the
fuel preheater should be cleaned aficr cach test run  This is done by
supplying electrical power (o the preheater s that its inner wall artains
a high temperature. At the same time, air is passed through the
preheater where it is heated to a temperature of around SGOK at outlet.
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Tuble 1 Fuel Properties

() Kinematc viscosity

Fuel Temp., Viscosity, m?/ s x 10°6
°C DF2 ‘Kerosine
10 1.15 0.79
130 .78 Q.58
170 0.62 0.48
200 0.54 0.41
S0 T 0.40 0.29
(b)  Density
uel Temp., Dcnsitv.;lg%/(m2
oc DF2 erosing
20 540 820
140 140) 7125
250 630 620
) Aromatics content
DF2 30 - 35 percent
Kerosine 20 - 25 percent

This procedure has been found very effective in removing all deposits
from the preheater wall.

EXPERIMENTAL

The fucis selected for this study are DF 2 and kerosine. The
relevant propenies of shese two fuels are listed in Table 1. These fueis
were chosen partly on the basis of low cost, since long test runs ¢l
for large amounts of fuel, and also because they encompass the
aromatic contents of present and anticipated future aviation fuels.

The flow variables of principal interest for their influence on
Jepositon rates are the pressure, temperature, velocity, and Reynclds
number of the flowing fuel. Also of irterest is the influence of tube-
wall emperature, since this affects both the iemperature and the
velocity profile n the beundary fayer adjacent to the tube wall. The
separate ¢ffects of these varous parameters are discussed below in
turn
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In pencral, the results contained in the literature show hule
elicet o fuel pressure on deposition rates.  Vranos and Marteney
(19807 tound no etfect of pressure on deposition rates for No. 2 home
heating oil or for Jet A fucl wien the pressure was higher than 1.5
MPua (21K psia). Maneney and Spadaccini(1980) also reported for JP
5 fuel that a wide vaniarion in pressure from 1.72 to 5.5 MPa (250 to
800 psiay had no effect on deposit formation rates. High pressure
deposinon tests were also conducted and reported by Roback et al.
(1968). ‘The fuel pressures generally exceeded 13.8 MPa (2000 psia).
The results showed no significant change in wall temperatures as a
consequence of increasing pressure, suggesting that the rate of depuosit
formation was relatively independent of pressure over the pressure
range from 13.8 10 34 MPa (200 to 4930 psia). However, Watt et al.
(1968) reached rather difierent conclusions.  According to these
workers. the influence of fuel pressure, while not entirely consistent
trom fuel to fuel, was to dimiish both local and total deposits with
INCTCaNINg pressure.

Some of the results obtained on the effect of pressure using DF
2 as the test fuel are shown i Fig. 2. The data contatned 1 this figure
were obtinned using a 300 series ~tmnless swel tuhe of length 152mm,
auter duameter JO08mm. and inner diameter 2.59mm. They <how the
average rate of deposition 1n ugjcmzA hr plotted against fuel pressure
tor a tuel Aow rate of 250 co/nun and a test duration of six hours

toas clear from Fig 2 that above a centain minimum pressure
the deposition rate 1s inde pzndent of fuel pressure For the DF 2 fuei
used o these expeniments. s memum pressure is around 08 MPa
(HES 1o A limited slumber of tests camed out on other fuels
indicate~ that the minsmum pressure may be higher or lower than (0.8
MPy, depending on the temperatere and volatility of the fuel. In
general. the mimmum pressure above which pressure has no effect on
deposinon rates decreases with increases in fuel wmperature and/or fuel
volatihity. This suggosis that the low deposition raies associated with
low fuel pressures may be the result of fuel boihing and the production
of fuel vapor. Autoxidation deposit formation rates are lower in the
vapor phase than in the hguid phase at the same temperature. Another
eifect of tuel boiling 15 10 convent the normally smanth flow of fue!
through the test sechon into a twoe phase, wrbulent flow of relatinvely
farh veioany. This produces a vigorous scrubbing action at the tube
sutface which ends bt deposation and alo remove any deposis
that nnzht form on the surface despite the adverse conditions
However it should be noied that nicasurements of deposinon rates for
JP 4 and JP S fuely made by Szetela (11976) led him to an opposite
conclusion He found deposits o he bigher tor JP 4 which he
annibuted o the fact that “boiling increases the deposinion wndency
Cleary . the effect o fuch boihing on deposition rates ments further
e 2 aion

Farther ev.dence on the inoensinvity of deposition rates toe
variraoes i feel pressere abooeovhe erucal value s presenied in Fag
T TE Npere Hoestrates the nomeer an which the tlemperatuse rise
vypenesced by the tue! asinlow s through the heated tube vanes with
uree imtzativ, the wbe wall iy pertectly clean and the fuel wmperatune
reeas redativel higt With the passage of nme, the accumulation ol
Jeponat on the tehe wall creates athermal bamier between the tobe and
the Nowing fuel which gradually dinsmsties the heat lux trom the tube
to the fuel. therebs causing 3 connnuous dechne in the temperature nise
of the facl, o tlustrated in Fig 3. Thus the ten verature nse of the
fuel provides a yseful indicaton of the arrount o1 deposition on the
tube woll. Figure 3 shows that for constant condinons of fuel
temperature. wall temperature, and fuel flow rate, pressure has ne
effect on depovition rates for DF 2 over a pressure range from 08 o
25 MPa 115 10 363 puy).

Rexpoelds Numbser

On aircraft fuel systems, as the fuel flows from the tank and
through vanous engine components into the fuel nozzle, it cxpenences
g vanets of low conditions comesponding to a wide mage of Reynolds
numbers s therefore of sume praciical interest and impaortance o
exanine the impact of vanationsan this flow parametcr on deposition
ratey - For expenimental purposes, Revnolds number can be varied
readily by changing one or more ot the following:
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P

1. mass flow rate (velocity)
2. tube diameter
3. fuel temperature

Unfortunately, variations in fuel iemperature not only serve w
change the Reynolds number, they also have a pronounced effect on
the auto-oxidation reactions that promotc deposition. This leaves mass
flow rate and tube diameter as the only two practical options for
achieving variations in Reynolds number.

For the results presented in  Fig. 4, the variation in Reynolds
number was accomplished by varying the fuel flow rate. The four
curves shown in this figure correspond to the following condidons.

(a) .«l-DF2
TE = 473K, =623K, P=25MPa
rh}\:,": = 100 - 4.&]cc/min

Stainless steel tube, 400 series. 1D = 2.59 mm, O.D. = 3.08 mm
(byFuel - DF 2

Tk = 413K, T}Q = 563K, P =25 MPay

mye= 100 - 400 comun

Stainless steel tube, 400 senes. 1.D. =259 mm, O.D. = 3.08 mm
{c) Fuecl - kerosine

TF= 523K, Tw =673K. P=25MP;

mvw = 50 - 200 ¢cc/min

Stainless steel tube (316) 1.D. = 2,10 mm, QO.D. = 3.08 mm
(d)Fuel - DF 2

TE = 413K, Tw =413K, P=25 MPa

mv = 150 - 400 ¢c/mun

Stainiess steel 1ube, 400 senes. 1.D. = 2.59 mm, O.D. = 3.08 mm

Inspection of the above wabie shows that in three cases the wall

temperature was 150° C higher than the fuel iemperature, while in one
case (d) the fuel and tube wall were both at the same temperature. In
al' cases. segardless of fuel type. fue! temperature, or wall temperature,
n 15 found that the effect of vananon in Reynolds iumber on deposinon
rare (D.R)) can be expressed as

D.R. = constant - Rel.65 M

The etfect on deposition raies of a change in Reynolds number
<aused by a change in tube diameter is illustrated in Fig. 5. Thus figure
cont the same data shown as (d) 1n Fig. 4 plus additional data
obtained for the same fuel, at the same condinons of pressure and
temperature. but with the tube intemal diameter increased from 2 59 10
460 mm  Figure 5 shows that both sets of data tend 10 fall on the
same curve which costerms o the relanonship

DR = (045 Rel? 05 )

This increase tn depousition rate with increase in Reynolds
number iy atmbuted to the higher hear ransfer berween the wall and the
fue! and the higher wansverse velocity components which are more
effective in transporting maicnal fron: the mainstream fuel flow 10 the
tube walls

Interest 15 sometimes expressed tn the amount of deposit
produced by 3 given mass of fuel  To examine this situation a "deposnt
index”, D1 first defined as

_ sy of deposit per unit length of tube ug/em

DI
mass of fucl kg (RY]

Also, we have

Rc:ggngi n-—“.’l
M LI 4

B. appropnate combinauons of Eqs 1), (3). and (4), the
following relavonships between deposition rate, deposit index. and
Reynolds number are denved

D.R. o Re0.65 (1)

D1 a Re 035,01 )
D.R. a Re M
D.1L 6

Figure 6 shows the deposit index plotted against Revnolds
number for DF 2 fuel flowing through a 400 senes stainless steel tube
having an inside diameter of 2.59 mm and an outsice diameter of 3.08
mm  One practical implication of the results presented in Figs. 5 and 6
15 that for any given fuel flow rate a reduction in tube diamater will
cause anincrease in deposit thickness. However. 1t should be noted
that in the present experiments on the effect of Reynolds number on
deposition rates the flow velocity is always less than a few racters per
second. With continual reduction in tube diameter. the scrubbing
action along the tube walls could eventually reach a potnt at which ar-,
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further increase in flow velocity would cause deposition rates 1o
dedling

Luel Temperature

As mennoned earlier. the effect of an increase 1n emperature on
duposinion rate 1s twofold, (1) by reducing the fuel viscosity it mises
the Reynulds number and hence also the deposition rat:. as shown in
Fig 3, (2) u accelerates the auto-oxidanion reacuions which arc
resporsabie tor deposit formanon The extent to which deposiaon rales
are enharved by an inrease in tuel e perature depends on whether the
fuel flow rate 1y held constant and the Reynolds number allowed 1)
increase, or whether the flow rate 1s aliowed to decline in order w0
maintain a constant Reynolds number. These effects are illustrawed in
Fag 7

In many expenments that are performed 1o show the influence
of {uel temperalure on deposition rates, the wmperature of the tube wall
1 often appreciably higher than the iemperatute of the fuel flowing
thtough 11 This i dune tor many reasons. not the least being to
simulate the conditions that exist in awrcraft fue! systems and fuel
injectors - Untortanately . 1t produces 3 sieep temperawure gradient 1n
the fucl adjacent to the wall which prohibits a precise definition of
femperature in the region where the deposiion process is actually
taking place  T'o avand thiy problem. and 10 obtan expenmental data
on the anfluence of fuel temperature on deposition rates of more
tundanrental significance, the fucl and wbe wall should ideally be at
the same temperature By eliminaung heat ransfer between the fucl
and the tube wall, the effect of wall emperature is removed, so that any
ubserved changes 1n deposiuion rates are due sciely to vanatons n tuel
lemperature.

Sonx results obtained for kerosine and DF 2 under condiuions

where Tw = TF are shown in Fig. 8. Over a range of fuel




) temperatures from 413w 523K, ity tound that deposition rates are
FUEL-DF 2 carrehited satisfactorily by an expression of the form
PRESSURE — 2.5 MPa (363 psia)
x TW_TF = 150°C DR =CLesp-| C2ATE 273 Rel) 65 W7
3] m, = const
- ' o
T 25 TEST DURATION - 6 HOURS where € is a constant whose value depends mainly on fue!
: / compasition and the material and condinon of the wbe wall, and (3
w Re increasing depends solely on tuel composinon (including addiaves).  C2
>4 represents the acuvanon energy of the auto-oxidation reactioa which
o leads 1o the formanon of deposiis.
= t-or kerosine, we have
o 20}
:-7; Re = consl D.R. = 36dexp- {S46ATE 273) Rel) 05 %)
1% . whilc for DF 2 y
g m, decreasing
w DR. =278 exp- [442/(TF -271) Rel).65 )
% 1.5
¢4 In these cquations, deposition rate i expressed in terms of ug/ em?
5 hr.
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o\ 11 the tube wall temperature exceeds the fuel temperature, the
363exp 546 (7,-273) Av &y deposiion rate s mereased  This iy evident from inspecaon of the daw
\ contained i Figs X and 9 which were obtained under sdentical tes
o - s condiions except that 1n onc case (Fig. 8) the fuel and wall
—,_t__——f-f)—"/ temperatures were the same, whereas in the second case (Fig. 9) the
) 450 550 wall temperature was 1507 C tagher than the fuel temperature
FUEL TEMPERATURE K Compatison of these two figures reveals that an increase in wall
temperature leads o o higher rate of deposition.  For the two fucls
cmploved 0 thiy invesugation. kerosine and DF 2, the effect of wall
Fre K Correlannn of data 1or varions fo temgerata, « temparature on depostion rates can be accounted for by ancluding the
E vl el Aftets B R term exp [T -T5) 7 166] into Egs. (K) and (9) which then become
respectivels
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Fig 10 Intluence of tube-wall wemperature on deposinon rate

For kerosine
D.R =363 exp - [SI6/TE 273 exp [{Tw -TE) / 166] ReV65 (10)
For DF 2

DR. =278 exp - [4424TE-273)) exp [(TW-TEV166] Re0 A% (11)
Thess equanons are shown plotted in Fig. 10 zloagside the
corre ponding expenmental data for DF 2 and kerosine

DISCUSSION

Although Eqsv (1) and (J1) have liule fundamentgl
siretcance, they have some practical value because they provide a
uselui indication of the relatve importance of the relevant fuel and flow
pasaniciers on deposition rates. For example, they show that the most
g want factor influenang depasttion rates 1s fuel temperature. Also
of 1zponance 1s the wbe wall temperature, specifically the difference in
wemperature between the wall surface and the adjacent fuel (TW-TF )
Finally, they show that flow velocity and tube diamerer affect
Jepostnion rates v1a their influence on Revaolds number. Over the
tange of flow velocmies covered it these expenments. deposiion rates
are enhanced by increases in flow velocity and reductions in tube
diamxicr

Equrttons (1) and (11 coatain no term 1o account for the
influence of fuck pressure on depasition rates This s because the
present siidy has shown that prosaded 111 high enough 1o prevent fuci
beuling. pressure has no effect on deposition rases

NOMENCLATURE

i tube drameter

D1 depasit indes pp /7 om kg
DR depaosition Tatc. Ug fems he
ny masy flow raie ot fuel

Mg volumetne Now rate of fx!
Ke Kevnolds number, L dp/ u
Ty fuei temperdture, K

Tw wall iemperature. X

U flow velovty

" fuel viscosity

p fuel density
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